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METRIC (SI*) CONVERSION FACTORS

APPROXIMATE CONVERSIONS FROM S| UN

APPROXIMATE CONVERSIONS TO S| UNI]

square inch

per square inch

Symbol  When You Know  Multiply By To Find Symbol | Symbol When You Know  Multiply By To Find Symbol
LENGTH LENGTH
in inches 25.4 mm mm millimeters 0.039 inches in
ft feet 0.3048 m m meters 3.28 feet ft
yd yards 0.914 m m meters 1.09 yards yd
mi Miles (statute) 161 km km kilometers 0.621 Miles (statute) mi
AREA AREA
in? square inches 645.2 millimeters squared cn? mm®  millimeters squared 0.0016  square inches in?
ft? square feet 0.0929  meters squared m? m? meters squared 10.764  square feet ft?
yd square yards 0.836 meters squared m’ km? kilometers squared 0.39 square miles mi®
mi? square miles 2.59 kilometers squared  km? ha hectares (10,000 A 2.471 acres ac
ac acres 0.4046 hectares ha
MASS MASS
(weight) (weight)
0z Ounces (avdp) 28.35 grams g g grams 0.0353 QOunces (avdp) 0z
Ib Pounds (avdp) 0.454 kilograms kg kg kilograms 2.205 Pounds (avdp) Ib
T Short tons (2000 Ib) 0.907 megagrams mg mg megagrams (1000 kg) 1.103 short tons T
VOLUME VOLUME
fl oz fluid ounces (US) 29.57 milliliters mL mL milliliters 0.034 fluid ounces (US) fl oz
gal Gallons (liq) 3.785 liters liters liters liters 0.264 Gallons (liq) gal
ft® cubic feet 0.0283  meters cubed m® m® meters cubed 35.315  cubic feet ft*
yd® cubic yards 0.765 meters cubed m® m® meters cubed 1.308 cubic yards yd®
Note: Volumes greater than 1000 L shall be shown%n m
TEMPERATURE TEMPERATURE
(exact) (exact)
°F Fahrenheit 5/9 °F32) Celsius °C °C Celsius terperature 9/5 °C+32 Fahrenheit °F
temperature temperature temperature
ILLUMINATION ILLUMINATION
fc Footcandles 10.76 lux Ix Ix lux 0.0929 foot-candles fc
fl foot-lamberts 3.426 candela/nf cdicm? | cdicm  candela/nt 0.2919 foot-lamberts ~ fl
2
FORCE and FORCE and
PRESSURE or PRESSURE or
STRESS STRESS
Ibf pound-force 4.45 newtons N N newtons 0.225 pound-force Ibf
psi pound-force per 6.89 kilopascals kPa kPa kilopascals 0.145 pound-force psi
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Introduction

The use of recycledsphalt pavement (RAP) in hot mix asphalt (HB¥Ayarm mix asphalt (WMA3
potentially beneficial to both theenvironmentandthe economy. Virgin aggregate and asphalt binders
can becorservedto reduceconstruction costs, energyonsumption andgreenhousegas emissions.
Currently, Idaho Transpottian Department (ITD) allowsse of RAP iasphalt mies The amountof
RARhat a contractor may use depends dhe source ofRAP, fractination of RAP, anthe dift of the
pavement at whictRAP is used.

Becausehe aged binder in RA€ancause mixeto becomebrittle, which resulsin less resistance to
cracking wherthe mix design calls forleigh percentage of RAP binderanasphdt mix, pavement
engineers often adjughe performancegrade(PG)of the virgin binder to compensattor this stiffening
effect ofthe aged RAP bindeAccording tacurrentITD sandard specifications, wheRAP binder
replacement ratio irthe asphalt mixslessthan 17 percentno bindergrade adjustment is needed. If
RAP binder replacement ratiobhetweenl17 percentand 30 percent the virgin binder shall b grade
lower for the high and low temperatures designat®dhenRAP bindereplacementratio ishigherthan
30 percent designers usa blending chart to select the grade of virgin binder, based oraiseimption
that the grade ofthe blended bindeiis proportional toRAP binder percentage attte assumption that
RAP binder and virgin bindare blendedtogetherthoroughly.

However, the assumption of complete blending might not always be reasof@tdeRAP mixture when
a high percentage of RAP is used indbphalt mix evenif designers havé 6 dzY Ltk Rsphaltinder
grade andollowedablendng chart Therefore researchers must addresie possibleeffects of RAP
binder and virgin binder selection on the performancetaf asphaltic materialand pavement
especiallythe performancein terms of crackingAlso,investigationis needon the predicted field
performance ofasphalt mies thatcontain high percentages of RAP bindaderactualtraffic and
climate conditionsThereforethe objectivesof this research projecareto:

1. Bvaluatethe effects ofvariouspercentages of RA® mix designslaboratoryperformance and
predicted field pavement performande terms of resistance to rutting, fatigusackingand
thermal cracking

2. Make recommendationthat ITD could considdor updatingits current RAP specificatisio
improveasphaltpavanent performance.

Research Methodology

This study evaluated a total @D mixes, includin@ laboratory-producedmixesand 2 plant-produced
mixes.The research team characterizeslo typesof RAP materiaJgeferred to asNorth RAHrom
Northern Idaho,and South RARrom Souttern Idahaq in terms of binder content, RAP aggregate
gradation, bulkspecific gravity (¢g of RAP aggregate, amls otthe extractedandrecoveredRAP
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binders. Two plant mixesthe North field mix with 3QpercentRAP referred to adNF30) andhe Suth
field mix with 26percentRAP referred to asSF26)servedasthe reference mixes br the laboratory mix
design ofNorth mixes with 0, 17, 3@nd50 percentRAP referred to asNO, N17, N30, N5@nd South
mixes with 0, 17, 2@nd 50 percentRAP teferred to asS0, S17, S26, S5B)spectively The gradations
for the laboratory-producedNorth and Southmixes werethe same aghosefor the plant-produced
North and Southmixes.Thevirginbinderselection for each mix was based on ITBcéficatiors andthe
bindersthat wereavailablein the localmarket. For the North mixesRG ofthe virginbinderused in NO
and N17 was P&8-28,and PG of the virgin binder used N30, N5Qand NF3@vasPG 5234. For the
South mixes PG ofthe virgin inder used in SO and S17 was P&8®PG of the virgin binder used in
S26 and SF28asPG 6434, andthat used inS50wasPG 5834. Theresearch team determined the
optimum binder content for each mix ardietermined thevolumetric properties, such as vaith
mineral aggregate (VMA) and veifilled with asphalt (VFA)

Theresearchteam evaluated thedboratoryperformance othe North and Southmixesthat contained
different percentages of RAP in terms of rutting resistance, fatigue cracking resistaddeya
temperature thermal cracking resistanceheresearchteam conductedlbw numberandgyratory
stabilityteststo determine thestability andresistance to rutting ofhe asphalt mixegontaining
different percentages of RAPheresearchteamalsoconductedindirect tensile (IDT) tesat 68°Fto
investigate thanixeesistance to fatigueracking Theresearchteam used facturework density and
verticalfailure deformatiorvalues obtainedrom IDTteststo characterizehe mixii dzNi&siténce to
bottom-up fatigue crackingand top-down fatigue crackingespectively Similarly, theesearchteam
used thefracture work densityaluesobtained fromIDT tessat 14°Fto evaluate the mif dzNJB & Q
resistance to low temperature thermal cracking.

Thereseach teamalsoconductedmechanistieempiricalanalysidy usingAASHTOWare PavemeviE
Designsoftware Theresearchteam collectedand determinedthe inputs, whichincluded pavement
structure, climatetraffic data, andmaterialproperties The average anal daily truck traffic (AADTT)
values were based on traffic volumpsedictedby ITD Theresearchteamemployednationally-
calibrated distress model$heresearchheam compared kthe predicted pavement distresgaluesat
90 percentreliability over gpavementdesign life oR0years.

Key Findings
Based orthe test results from thisesearchproject, the key findings aras follows

1 Thelaboratory performance evaluatioshowed thatresistance toutting dueto lateral shear
failure, asindicated bythe flow number, increasedasRAP percentage increasdtalso
indicated that the current practice of binder grade adjustmarggmot account for the
stiffening effect of RARindindicated that the blendingof RAP binder and virgin binder may
not bethoroughor complete Theaggregate structual stability of RAPmixtures,asindicated
by the gyratory stabilitytest resultswas comparabléo or slightlybetter than that ofthe
control mix. OverallRAP mixes performetie same a®r better thanthe control miin terms
of rutting resistance
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1 The faigue cracking resistance ofixtures with a low percentage (i,&L7 percen)) of RAP was
comparable to that of the virgin mix. However, the effects ghhpercentagef RAP (more
than 17percen) on fatigue crackigp depened on thetarget PG of virgin binder. When the
targetvirgin binderis not polymer modified (e.g. PG £B), bumping down the grade of virgin
binder did not affect the fatigue resistance of high RAP mixes, such as the case of North Idaho
mixes. Howver, when the virgin binder is polymer modifieglg. PG 728), bumping down
the grade of virgin binder may lead to elimination or reduction of the degree of polymer
modification which affects the fatigue resistance of high RAP mixes, such as thé Sasgho
Idaho mixes.

1 The addition of RAP (eithadow or high percentage) could adversely affect therthal
cracking resistance &AP mixtures.

1  When the virgin bindegrade determinedaccording tahe blending che, wastoo low to be
available irthe market orwastoo costly, the use afhigher gradedid not seem to
compromise the materi& gerformance.The high temperature target PG is preferred to avoid
the loss of or reduced use of polymer in virgin binder.

1 TheAASHTOWareavementME Designpredictions for the performance of pavemesthat
contaired different RAP percentages folled the trend ofthe laboratory propertiespecause
the performance modelwithin the AASHTOWareavementME Designsoftwarealso utilize
these properties.

Recommendabns for Implementation

T Itis recommended that the high temperature PG of target binder is kept regardless of RAP
percentage, without bumping dowmo ensurethe polymerization of the virgin binder, if any,
andthusgood fatigue performance of RAP mixes.

1 The research team recommends that the current ITD test method for evaluating moisture
susceptibility, which is based on unconfined compressive strength testing, be changed to the
method found iNnAASHTO T28B4, Standard Method of Test fétesistance of Compted
Asphalt Mixtures to Moisturénduced Damagé which is based otDT test. The testing of
unconditioned IDT specimens in AASHTO M28dso provides parameters (e.g., fracture work
density and vertical failure deformation) to assess the crackinfppeance of a mix. A
cracking criterion for a mix can be established by testing the coresifr@@rvicepavements
with and without cracking.

1 Alternatively, if it is difficult to include a cracking performance test in a mix design, the
empirical model taletermine the low temperature grade of virgin binder for RAP mix is
recommended to use instead of the grade bumping and blending chlaid.empirical model
will require further validationThe developed procedures foirgin binder selectiomre as
follows:

1. Design a control mix without RAP to meet ITD specificatitima binder of target PG

2. Estimatefracture work density of control mix at low temperatuf€WDQy, coniro) Dased on
the equationshown in Figure:1
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qu)w_controlzg .437+O. 179&]3‘5.209AV6.690VM/%0[1U0|+1.475P@rget_k)w_o.513P@rget_h|gh

where:
FWDQL conror = Fracture work density of control mix at low temperature, psi.
Prap = Percentge of RAPpercent O percentin this case.
AV = Design air void, gercentin most cases.
VMAcontrol = Void in mineral aggregate of control nppercent
PGarget_tow = Low temperature grade of target binder.
PGarget_nigh = High temperature grade of target binder.

Figure 1 Prediction of Fracture Work Density of Control Mix at Low Temperature

3. DesignrRAP mix to meet ITD specification with a bindePGf.gin_nigrandany low
temperature PGbecausehe low temperature PG of binder does not significantly affect
the volumetrics of a miXKeep the high temperature PG of target binder for RAP Tiig.
benefit of using high temperature PG of target binder for RAP nhixagoid change of
use of polymer modified bindeif any,to unmodified bindeiif softer virgin bindewas
selectedand the rutting performance is ensured

4. Determine the low temperare PG of virgin binder for RAP muising theequationas
Figure 2based orw ! t  ‘designCad voidyMA, Rar FWRw contror @NAP Girgin_nigh

PGirgin_low=(FWRw contror9.437-0.179Ras+5.209AV6.690VMAst0.513P Gigin_nign/1.475

where
FWDQL conror = Fracture work density of control mix at low temperature frc
Step 2, psi.
Prap =Percentage of RAP, percent.
AV = Design air void, gercentin most cases.
VMARrP = Void in mineral aggregate of RAP mixcent
PGirgin_tow = Low temperatue grade of virgin binder.
PGirgin_nigh = High temperature grade of virgin binder.

Figure2. Virgin Binder Selection of Low Performance Grade for RAP Mixes

Recommendationgor Further Study

1 A cracking criterioof performance test for mix design isacommended to be developed.
1 The empirical model and corresponding RAP mix design metbeelopedin this studyis

recommended to be validatedvith more RAP mixes, especially withant mixes and/or field
performance
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This study focused on the effectsRAP in HMA. The South plagimbduced mix was a WMA

mix. However, because the research team reheated this foaming WMA mix in the laboratory
before compaction, WMA mix was actually a HMA mix. The effects of RAP on WMA could be
different from the effects oHMA, because the relatively lower mixing temperature used for
WMA mixes could complicate certain factors, such as the thoroughness of the blending process.
Therefore, the research team recommends further study of the effects of high RAP

percentages on WMAixes.
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Backgroundand Problem Statement

The use of recycled asphalt pavement (RABsphalt miesis potentially beneficial to both
environment andeconomy. Virgin aggregate and asphalt binder candmservedto reduce
constmuction costs, energy consumptigand greenhouse gas emissfoiihe economic benefits of using
20to 50 percentRAP irthe mix couldresult in 14to 34 percentcostsavirgs per ton oaisphalt mix?
Currently,Idaho Transportation Department (ITD) allotive use of RAP iasphalt miesfor pavement
construction and rehabilitation project$he amountof RARhat a contractor may use depends ¢2AP
categoy, RARprocessingandthe lift of the pavementfor whichRAP isntended® Categoryl RAP is
definedas being fronor traceable to an agency projethus, RAP qualitganbe assured without
extensive aggregate testin{f Category 1 RAB processed bgrushingand screening to eaonsistent
gradationandbinder content, itcanbe used in any lift (toprdower) ofthe asphaltpavementat any
RAP binder replacement percentagemelyup to 100 percenRAP by weight of the total bindef the
mixture. If Category RAHRs not processedt is limited to 17 percenmaximum in the top lift and to 30
percentmaximum ina lower lift. RAP materialhat are notfrom ortraceableto anlTDprojectare
defined as Category 2 RAPCategory 2 RAP isquessed, it is allowed up to 10 percenthe top lift
and limited to 3Qpercentmaximum inalower lift. Categoly 2 RARhat is not processed not allowed in
the top lift and islimited to 17 percentmaximum in a lower liftHowever,a Category 2 RA€an be
considered as Category 1 RAPtHe contractor testshe Category 2 RAP faggregate quality anthe
properties ofthe Category 2 RABbmponentsmeetthe specificationgor virgin materials®

Generallyagedbinderthat is presenin RAP increasghe stiffnessof the mixtureandi KS Y A E (i dzZNB Q &
resistance to rutting**®”#%1% However the aged bindein RARanalsocause brittleness ahe

mixture andmake itsusceptible tacracking such as fatiguerackingor thermal cracking especially

when a high percentage of RAP binder is used irnthanix asphaltiMA).“>1 |n orderto
compensate fothe stiffening effect of aged RAP binditiis often necessary to adjushe performance
grade(PG)of the virgin binder based on RAP binder replacement rafimcording tdTDstandard
specifications, when RAP binder replacement réardHMA islessthan 17percent no binder grade
adjustment is needed If RAP binder replacement ratiotistween17 and 30 percent the grade ofthe
virgin binder shall be one grade lower for the high and RBtemperatures designatett) WhenRAP
binderreplacementratio ishigherthan 30 percentdesigners usa blending chart to select the grade of
the virgin binder, based on thassumptiors that the grade ofthe blended binder is proportional to RAP
binder percentage anthat the blendingbetweenRAP binder and vingibinderiscomplete

However the assumption of complete blendiraf RAP binder and virgin binder might radivays be
reasonableor RAPmixtures.*****® Therefore, he effects of RAP binder and virgin binder selection on
the performance of asphaltic aterialsand pavement performanceequire further investigation Also,
agences, including ITDgurrently specily mix desigs for contractors to follow without conceroverthe
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mechanicaperformance ofasphalt mixeshat contain RAPexcept for moistureissceptibilityand
sometimes rutting Therefore,it is imperativeto studythe effects of RABinderand virgin binder grade
selectionto ensurethat the performance oainasphalt mixhat containrs RARAs not compromised.

Objectives

The overall goal of thsi study is to assess the effeaf RAP on the performance asphaltpavements.
Specific objectivesf the projectareto:

1. Bvaluatethe effects ofdifferent percentages of RAP on mix designs, laborap@rjormance
and predicted field pavement performaa in terms of resistance to rutting, fatigue cracking,
and thermal cracking ithe laboratory.

2. Makerecommendations that ITD could consider for updating its current RAP specifications to
improve asphalt pavement performance.

Report Organization

This report is organized isixchapters followed by three appendiceasfollows:

Chapter 1 provides the introductidp this research projec¢presentsthe problemstatement
regardingRAP usage iasphalt mies, andstates theresearch objectives.

Chapter 2 pesentsa literature review ofRAP characterization, mix desigmd laboratory and
field performanceanformation formixesthat containRAP materials.

Chapter 3 presents the laboratotgst methods andresultsfor RARCharacterizatiorand mix
desigrs for asphalt mixesvith different percentages of RAP

Chapter 4 presents théaboratorytest methods and results fahe laboratoryperformanceof
asphalt mixesvith different percentages oRAPA Y (i SN & 2 Fesistakic® to Yultig(i dzNB & Q
fatigue crackig, and thermal cracking.

Chapter 5 presentthe resultsandanalyss ofthe field performance predictiomobtainedusing
AASHTOWareavement ME Desigoftwarefor RAP mixes

Chapter 6 summarizethe key findingdrom this research and presentscommendtions for
ITX2 @onsideration.

Appendices A, B and C provide mix design results, laboratory performance test results, and
inputs information for AASHTOWaPavementME Design respectively.
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This chapter presenta literature review ofrelevantstudiesof RAP irasphalt miesandthe subsequent
effectson pavement performance.hE topicsreviewedinclude methods for RAgharacterization mix
desigrs for mixes containing RAP, laboratonyerformance andthe field performance émixes
containing high RAP contents.

RAP Characterization

In order toincorporateRAP materials intasphalt mies, RARNustbe characterized in terms of binder
content,aggregate gradatiorgggregate qualityhulk specific gravity (¢ of RAP aggregatandP Gof
the recovered RAP bindérblending chart is used

Generally, the methods used &xtract RAP aggregate ataldetermineRAP binder content and RAP
aggregate gradatiomcludethe ignitionovenmethod according t®AASHTO T368), Standard Mehod
of Test foiDetermining the Asphalt Binder Content of Hot Mix Asphalt (HMA) by the Ignition M#tkod
solvent extractiorand recoverynethodaccording t)AASHTO T16W, Standard Method of Test for
Quantitative Extraction of Asphalt Binder from HakMsphalt (HMA)and AASHTO T31B4, Standard
Method of Test foQuantitative Extraction and Recovery of Asphalt Binder from Asphalt Mixtte®
McDanielet al.in 2001andHajjet al.in 2012 investigated he impacs of theseextraction method used
to determinebinder contentand RAP aggregate gradatiff’ Ther results showed thathe RAP binder
content, asdetermined bythe ignitionoven method without considering correction factovgas close to
the true binder content of laboratorgimulaed RAP materialsyhereas thebinder contentdetermined
from the solvent extractiormethodwas lower than the true valuleecause the solvent could not
remove all theaged bindefrom RAP** Neitherof the extraction method had a significant impact on
the gradation change dhe coarse aggregate portiomhereasthe changen the fine aggregate
gradation based on the ignitiooven resultsdepended orthe aggregate sourcehat is,sometypes of
aggregateeither brokedown orwere lost when subjectedo the extreme temperaturgin the ignition
oven

The lulk specific gravity of RAP aggregate is anothitical propertyto consider formix desigis with
RAP Studieshowthat a small errorin the bulk specific gravityaluecanresult inthe voidsin mineral
aggregate (VMAjpluebeingoff by + 0.4 percentas RAP content approaeh50 percent™®?? Currently,
three methodsare availabldo determinethe bulk specific gravitgf RAP aggregate

1 The first one imnextraction method usingeither solventor anignition oven, to produce relatively
clean aggregatparticles andthen to determinethe bulk specific gravitgf the extracted coarse
and fineaggregatausingAASHTO T8H4, Standard Method of Test f@&@pecific Gravity and
Absorption of Coarse Aggrate, and AASHT(8413, Standard Method of Test f@pecific Gravity
and Absorption of Finaggregate respectively®? Prowellet al.in 2000and Hajj et al. in 2012

3
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studiedthe effect of both the solventextractionandignition oven extractioomethodson the
changef specific gravity'®? The slvent extraction method seegt to haveless effect on the
measurement ofhe bulk specific gravitpf RARPaggregatethan the ignition oven method®#
However, bothextraction methods were likely tcacise small errors the bulk specific gravity
valuesof RAP aggregafé

1 Thesecond method, referred to as thedirect or backcalculation methoguses theeffective
specific gravity (¢ of RAP aggregate insteadtbé bulk specific gravitin the calculation of VMA.
However researcherstronglyrecommendnot to usethe effective specific gravity the
calculation of VMAbecausethis practicecancausea significantly inaccuraty MAvalue**®

9 The third method is also an indirect approablat ishased ormaximum specific gravitysm)
testing andthe assumption of asphalt absorption in RARacticing engineers can uddg approach
but only ifthey couldestimate theasphaltabsorptionconfidently.™¥

The blending chart used for virgininder selectiorindicatesthat PG of recovered RAP binddrouldbe
determined wherRAP content exceeds 86 30percentaccording ttAASHTO M32383 Standard
Specification foBuperpave Volumetric Mix DesigniTD specificatios) respectively*?¥ NCHRPReport
452 proposed etailed procedures fordetermining PG of recovered RAP bindadrecommended only
rolling thinfilm oven (RTFO) agihgfore testing® Thissimplificationhassignificantly reduced the
amount ofrecoveredRAP bindeneededandthe time requiredto gradeRAP bindef™”

In summary, bottthe ignition ovenandsolventextraction method canbe used tadetermine the binder
contentandgradation of RAP aggregatdowever,careshouldbe taken whenignition ovenmethodis
used if the type of RAP aggregai®likely to brealkdown orburn awayunderthe temperature
necessary to burn off binder in thgnition oven Also, itis important to determine the blk specific
gravity of RAP aggregapeecisely, because eversaallerror will ampify the error inVMA calculation
The each ofthree current methods fodetermining bulkspecific gravithasits ownmerits and
drawbacks.

Mix Design

Currently,most state transportationdepartment usethe Superpave mix design methdar mixesthat
contain RAP material$® The hallengesf mix desigrihat canarise fromthe use ofRAFRNncludethe
following considerations:

1 \Variability of RAP material

1 Selection ofthe appropriateamountof RARo use in themixture andthe selection ofthe
appropriate virgin binder to compensattr the stiffeningeffect of the aged RAP binddrased on
RAPpercentage

1 HfectsofRAP ol K S Y Anoistdmidnigeeptibility.
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The variability othe binder content and gradation of RAP materials, which pogsteinsfrom the
combination of multiple layersf materials in one project or RAP from several pragjétta single
stockpile canmakeit difficult for the contractor to meetthe mix design specificatiaand limit the
amountof RAP usd in the mixture. %) Significant ariationsin the binder contentof RAP materials
canresult insignificantvariationsin the binder contentof the plant mix For example, one study showed
that projects withhighpercentags ofRAPhadhigherlevels ofvariability than a tpical HMA project
without RAP?® However recently-developedpractices for managing RAP stockpiles and processing RAP
materiak have helped taontrol RAP variabilityf*"**3? Thesebest practices include fractionation,
avoiding contamination by keéng deleterious materialsut of RAP stockpileapt overcrushing RAP,
ceasing processing during rain, and minimizing moisture in RAP stockpile by coverm@édiagts of
these practices are available in Appendix D of NCRE#p®rt 752 A surveyconductedby National
Center for Asphalt Technolo@pm 2007 to 2008 indicatethat proper management oRAP stockpiles
could controlRAPvariability. The survey showed th#tte standard deviatiosof the binder content in
RAP stockpiranged from 0.1to 1.5percent and the standard deviati®of the percentages passing

the median sieve and 75 micron sieve raddrom 0.78 to 90 percentand 0.3to 3.0percent,
respectively® Also,RAP stockpiles coufmbssiblybe evenless variable than virgin aggyate #2*®

In addition toconsideringRAPvariabilitythat can limit theamount of RAP &l in asphalt mies other
factorsthat limit the maximum amount of RARat can be incorporatethto asphaltmixturesinclude
the availability of RAPspecificatiodimits, properties of RAP bindeavailability ofspecifiedvirginbinder,
andthe capability of the hot mix plant to handle RAP materials for drying and heatiaf? éts
mentioned earlierthe fractionation of RARanreducethe variabilityin the gadation and binder
contentof RAP materialsTherefore anylimitationsto the use otigh percentageof RARIepend
mainlyon the proper selection of th&irgin binder in RAP mixture tompensate fothe effect ofthe
aged binder irRAP. Based on NCHR#port 452 AASHTO M3283 provides binder selection
guidelines for RARixtures.®” Theseselectionguidelinesinclude that,if RAP percentage is less than 15
percent there is no need tolange the virgin binder grade. For RAP percerdagéveen 15and25
percent the virgin binder shall b& gradelower thanthe targeted performancegradeat both the high
and low temperaturs. For RAP percentagdigherthan 25 percentablending chart is needed fahe
binder grade selectiorBased orthe desiredfinal blended binder gradehe desired RAP percentage,
and the recovered RAP binder properties, the required propertigsefirgin binder gradeanbe
determined agrigure 3

4 P2! 04
4 p bP2!0
where
Tyirgin = (Qritical temperature of the virgin asphalt binder.
Thiend = (Qritical temperature of the blended asphalt binder.
%RAP = Rercentage of RARercent.
Trap = (ritical temperature of the recovered RAP binder.

Figue 3. Selection of Critical Temperature of Virgin Asphalt Binder
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If the mix design calls far specific markeavailablevirgin binder, and the desired blended binder grade
and recovered RAP properties are knowg percentageof RARhat canbe used irthe mixture is
determined aFigure 4

P21 0

Figure 4 Selection of Percentage of RAP Used in Mixture

In practice, he use ofa blending charis timeconsuming, involves hazardous solveiatextract RAP
binder, and createslisposaproblems® Furthermore the asumptionthat the virginbinderand RAP
binderare completely blendedhay notalways be reasonahlé®*** Thethoroughnesof the blending
processcanaffect the performance of RAP mixes pa®r blendingof the virginbinder and RAP binder
couldcomp2 YA &S (i K Sesiafandetd rddinEs Ba@isture damage or crackity Therefore,
selectingthe proper virgin bindefor RAP mixtureremainsa substantialchallenge.

In addition tothe requiremensfor the volumetric propertiesanotherconsideratia for the mix design
isthe moisture susceptibility of RAP mixédsASHTO T28B4, Standard Method of Test fétesistance of
Compactedisphalt Mixturego Moisturelnduced Damagerovides the commonhsed method for
moisture susceptibility evaluatiofl Thetensile strength ratio (TSR) of samples subjected to fréleaer
and dry conditiosisan indicator of HMA i@sistance to moisture damage. Overatljdiesfor moisture
susceptibilityof RAP mixes show thtite addition of RAP to a mixture $ino postive or negativémpact
on the mixture @oisturesusceptibilityandthat most RAP mixesansatisfy the local requiremenfor a
minimum TSR valu&?® Eventhoughin several casethat NCHRReport 7524nvestigatedthat TSR
values of mixes with higRAP percentagavere lower than those ate virgin mixes or the criterion of
0.80requirementin AASHTO M3283, the additionof anti-stripping additives heked improve TSRs
above 0.80"%)

In summaryappropriate processingiethods such as fractiorteon, can effectively reducRAP
variability in terms of bindeicontentandgradation. ThereforeRAPvariabilityshould not be a limitation
to increasethe RAP content in asphalt mixe¢gowever currently, the proper virginbinderselection
procesgemairs a challengéo achiewe high RARercentagemixesthat performcomparaby with mixes
without RAR due primarily to thecomplexissue otblendingbetweenRAPbinderand virgin binder
completely Also,RAP mix designs generally requireisture damagesuscetibility tests these tesé Q
resultsindicatethat the effect of high percentageof RAP on moistursusceptibilityis limited andthat
the addition of antistripping additivexanhelp satisfy the criteriorfor moisturedamage resistancen
short, mix asigns that include high percentages of RAP are possible armkaiasigned taneet
current specifications.

Laboratory Evaluation ofLaboratoryProduced RAP Mixes

The evaluationof laboratory andikld performance ofasphalt mitureswith RAP is of greamportance
for selectingthe appropriateamounts of RARo use in themixtures. Based oaliterature review the

6
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evaluationfactorsused in this studynclude rutting resistance, fatigue cracking resistarecel low
temperature thermakrackingresistance Therefore the following sections of tis literature review
present theevaluation ofRAP migsin terms ofrutting resistance fatiguecrackingresistance, low
temperature thermakrackingresistancen the laboratory and forfield pavement performance

Rutting Resistance

Rutting is a commodistressin asphaltpavements, particularly in hot climateBhe d/namicmodulus
(E®), which isamixture stiffness indicatolisa principalmaterial property for predictingrut depth by
MechanistieEmpirical Paweent Design GuideMEPDG Theflow number(FN)isalsoa performance
indicator for permanent deformatiodue to shear failurpasthe flow numberincreases, rutting
resistanceto shear failurdncreases® Both the dynamic modulugalueand flow numbercanbe
determined usingan Asphalt Mixture Performance Tester (AMPT).

Generallythe dynamic modulugnd flow numbewalues are expected timcrease with increasing RAP
percentagsdue to the stiff binder in RARaterials However, a different testtemperaure, frequency,
virginbinder grade, optimum binder contepandor aggregate gradation could also affect the values of
the dynamic modulus and flow numhbé&r'23637) Ljet al.in 2004tested Minnesota mixes with 0, 2Gnd

40 percentRAP to study theféects of RARpercentage virgin binder gradeand RAP sources on the
dynamic modulu§® Theyhavefound thatthe addition of RAP tthe mix increased the dynamic
modulusvaluewhen compared tahe control mix. However, al low temperature the modulusvalue

did notalwaysincreasewith the additionof RAR likelybecauseof the formation of micrecracks athe

low test temperature, which possibly decreased the stiffneshemixture &% Li et al. found thathe

virgin binder grade and RAP source hasignificant effect othe complex modulus value®’)

Danielet al.in 2005studiedthe dynamic modulusaluesof mixes containing 0, 15, 2%nd 40 percent
RAP® The addition of 15 perceRAP irthe mix increasedhe dynamic modulusaluecompared wih
the control mix, whereas theaddition of 25 and 40 perce®AP did not follow expectatisnthat is,the
dynamicmodulus curvesf 25 and 4(percentRAP mixturesvere close to that ofhe control mix.®
Possible reasorfer this unexpected tren@rethat 25 percentRAP mix had higheroptimum binder
contentthan 15 percentRAP mixandthe gradations for25 and 40 percenprocessed RAP mixtuge
werefiner than that of control mixBoth 25 percent RAP mix and 40 perc&AP mix had higher VMA
andvoidsfilled with asphalt YFA values than those ahe control mix and 15 perceRAP mi¥) These
findings indicate that factors other than RAP percentage could significantly affect the properties of
mixes containing RAP.

McDanielet al.in 2012 studied plat mixes with 0, 15, 25nd 40 percenRARobtainedfrom 5
contractors. The relatioshipbetween RAP content and dynamic moduhaguedid not follow the same
trend amongthe different mixes®” Al-Qadiet al.in 2012studied? different mixesfrom 2 districts with
different percentages of RAP and the effect of binder grade bunm@itg6422, PG 5&2, and P(G58-28)
on the dynamic modulus and flowumber."? Their resultsshowed that as RAP content increastt,
dynamic moduluyalues and flow numbes increaseddue to the aged binder in RAPhey alsdound
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that bumping-down bindergrade could reducthe dynamic modulusalueand increase the rutting
potential, asindicated by flow numbeandwheeltrackingtest results™

In addition tostiffness evaiations usingdynamic modulus and flowumbertests, the Asphalt
Pavement Analyzer (APA) aHdmburgwheeltrackingtests can provide a ect evaluation of rutting
resistanceBased orthese rutting test methodsseveral studieseachedsimilarconclusias, i.e.,mixes
that contain RAP perform better than neiswithout RAP in terms of ruttingesistance™?3339:404142)
Putmanet al.in 2002used APA tevaluate the effects of RARaterialand crumb rubbeimodified
(CRM) binder on rutting resista@€® Ther test results indicated that mixes containing RAP or CRM
binder had similar or better rutting resistance than mixes without RAP or with unmodified Bifider.
Colbertet al.in 2012used APAat 136.4Fto studythe rutting resistance of mixes wit, 15, 35 and 50
percentRAP? Ther resultsshowed that as more RAP was added to the thixrutting depth
decreasedthat isthe rutting resistance increasétf Zhaoet al.in 2012conducted laboratory
performance tests to study the effect of higlkercentages of RAP on warm mix asphalt (WMA)
mixtures“? Zhaoet al.employed theMarshallmix design procedurto produce4 WMA mixtures with
the same aggregate gradatighat contained 0, 30, 40, and 5percentRAP with PG 622 virgin binder.
Thisstudy also used AP#& 122°Fto conductrut depth tests The results showed that resistance to
rutting improved by adding RAP to the mixes #mat the improvement in WMAmnix performance was
better than HMA mixe&® Other researcherssuch as Stroufsardirer et al,, Vavrik et al.andWest et
al., came to similar conclusiory8414?

Fatigue Cracking Resistance

Typical fatigue test® evaluatea mixtureQ i@sistance tdatigue crackingnclude the bending beam
fatigue test, Texasverlaytestertest, Indirect TensilgIDT) fracture energy testand semicircular
bending testMost studies hat have investigatedesistance tacrackingconcludedthat RAP mixtures
exhibit areducedfatiguelife or more brittle behavioat high percentages of RAP contdmiit at low
percentages of RAP content (lekan 20 percenj, the addition of RAP seesto increasefatigue
crackingesistance*®****¥ For instanceMcDanielet al.in 2001usedbendingbeam fatigue tests at
400 and800microstrains ab8°Fto evalude the fatigue life ofmixturescontaining different
percentags of RAP (0, 10, 28nd 40 percenjtfrom 3 different sources? Ther resultsshowed thatthe
mixturesCxtiffnessvaluesincreasel andthe fatigue life decreased for higher RAP contemith no
adjustmentto the virgin binder grad& Kingery in 2004 and Vukosavljevic2®06usedIDTstrength
semicircular bendingandbendingbeam fatigue tests to evaluate mixtuwgeontaining 0, 10, 2&nd 30
percentscreened RAP materialsat satified the Tennesse@@ix criteria®*** Increasing the
percentage of RAffess than 3@ercen) increased the fatigue resistandeowever, ata high
percentage of RAP (30 percgnihe mixturesbecamestiffer, andthe addition of RAP compromised
somefatigue characteristic$**** Therefore, based on the results of laboratory and field mixtesss,
both the Kingery and Vukosavljevic studresommended the use afp to 20 percentRAP for
Tennessee surface mixturéd*¥ Hajjet al.in 2009conductedbendingbeam fatigue testand
mechanical pavement analysis to compé#re fatigueresistance of mixtures containing 0, 15, and 30
percentRAP fron8 sources andontaining? types ofvirginbinder, PG 6£2 and PG 628® For PGs4-
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22 mixes, the addition df5 percentRAP tdhe mix resulted in either better or equivalent resistance to
fatigue crackingcompared tothe virgin mixregardless oRAPsource® Theadditionof 30 percenRAP
to the mix resulted in better resistance to fatigue cracking than tinginr mix only in the case of RAP
from a 20yearold HMA pavement® For PG 6428 mixesthe addition of 15percentRAPor 30 percent
RAP tahe mix resulted in a significant reduction in fatigue resistamegardless oRAPsource® West

et al.in 2013 used IDT fracture enerdgstsat 50°Fto evaluatethe resistance tdatigue crackingof
mixtures from NewHampshire Utah, Minnesotaand Floridd™ The fracture energy result®r all four
mixes showed that the virgin mixesdsignificantlyhigherfracture energywaluesthanthe high RAP
contentmixes, whichindicatesthat RAP mixes haéssfatigue resistanc¢han the virgin mixtures.

Afew studes howeverhaveshown that moderate to high RAP content mixeehibitedequivalentor
better fatigueresistancecompaed to mixtures without RAP®*? Forinstance Santoset al.in 2010
conductedbendingbeam tess andused50 percentioss of initial stiffness modulus #we fatigue
resistance criterion to study mixtures containing 0, 20, &td 40percentRAP These mixtures were
producedin both abatch plant andn alaboratory® Boththe plant and laboratory mixtures containing
RAPexhibitedbetter fatigueresistancethan the reference mixtur& AlQadiet al.in 2012conducted
controlled bem fatiguetests at 68°F at strainlevels of 1000, 800, 700, 500, 4@@d 300 microstrains to
evaluate8 mixtures containing 0, 30, 4@nd 50 percenRAP from two area$? They alsousedthe
traditional 50 percenteduction in initial stiffnesailure criterion. *? Based orthe slope parameter of
the fatigue curve, the fatigue resistanceof HMAmixesimprovedslightlywith the addition of RAP*?
Also, a mglebumpeddown of bindergrade and doublumped down ofbinder grade improve the
fatigueresistanceof RAP mixtures ovéhat of the control mixture!*?

While, ®me studies showed that the fatiguackingresistance of RAP mixtuwdepends on the test
methods orRAP source$®*® Shuet al.in 2008conducted a study tinvestigatedifferent test methods
for assessinthe fatiguecharacteristics of HMAixescontaining 0, 10, 2@nd 30 percenRAP*® The
fatigue testparametersincludedIDTstrength, failure strainatoughness indexhe resilient modulus,
dissipated creep strain energlgreshold, energy ratio, plateau value, and load cycles to fafftirehe
studyby Shu et affound thatincluding RAP in HMA mixtusgenerallyincreased ID$trengthand
reduced posfailure tenacity in IDT strength tésg. > The dissipated creep siin energy threshold and
energy ratiovaluesdecreased wittanincrea® inRAP percentage, which indicattitht the addition of
RAP negatively affectatie fatigueresistanceof the mix “”However the plateau values obtained from
the beam fatigue testcontradicted those findings arshowed that higher RAP conteriésl tomore
resistance to fatigué’® The number of cycleseededto attain a 50 percentlecrease in stiffness was
alsohigherfor the higher RAP percentage mixes than for the virgintHi®abahfaet al.in 2014
conductedsemicircular bendingaind overlay testertests at 77°Fto study thecrackingresistance of
mixtures containing 20, 3@nd40 percentRAP from two arex(Shillingand Konza in Kansa$'® Ther
crackingest results @ not follow the same pattern for the two sources of RAPFor the mixturs
containing RAP frore Shilling area, therackingresistancedecreasedsthe percentage oRAP irthe
mixtureincreasel, whereasfor the mixtures containing RAP frorthe Kanza areathe mixture with the
highest RAP content (40 percgeihibitedthe mostcrackingresistance?®
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Overall studies have reportedhixed findinggegardingthe effects of RAP on fatigue crackifidgne
discrepanciesould be attributed tahe test method, RAP source, etMoreover, the addition of RAP
affects the modulus ahe mixes and thus, in a pavement structure, the pavement respowsesd
differ for layers with different RAP percentages. The ush®bame stress or strain level for fatigue
tests for different mixes ia questionableprospect Therefore the proper selection of a laboratory
performance test that is related to field performance is imperafimethe performance evaluation of
HMAmixturescontaining high RAP percentages

Low Temperature Thermal @ackingResistance

Thesemicircularbending test, bending beam rheometer (BBR) creep testtlaganal stressrestrained
specimen test (TSRSBN be used to evaluate thew temperaturethermal crackingresistance of
asphalt mixures. Generally,studieshavefound thatmixes containing RA#e more susceptible to low
temperaturecrackingthan mixes without RAPowever, the use of soft virgin binder withhigh RAP
contentcanreduce the stiffness of mixes and improve ittaermal crackng resistance>24"

Liet al.in 2008usedthe semicircular benéhgtest to evaluateen asphalt mixturegrom two different
RAPsourceghat included3 RAP percentages (0, ,24nd 40 percentand2 asphalt binders (PG 588

and PG 584),whichmetthe Minnesota5 S LI NIi YSy i 2 Fs Sapspayeirtdasigii | G A 2y Q
criteria® Liet al. used thdracture energy parameter to evaluate the effects of RAP corterthe

mixtures Thesemicircular bending testesults showed that the fracture energydecreasedasRAP

content increased® The control mixtureshowedthe highest fracture energyalues® The 20 percent

RAP mixtures had similar fracture resistance to the control mestitHowever, the mixes with 40
percentRAPexhibitedsignificantly lowetow-temperature fracture resistancéan control mix®

Loriaet al.in 2011performed a study t@valuatethe impact of high RAP content on therntathcking
usingTSRST after multiple freetteaw cycles*” The mixesproduced according to thlarshal mix
design nethod, used3 RAP contents0, 15, and 5@ercent The study employe®G 588 binder for all
the mixes.The studyalso testedan additional 50 percenRAP mixvith PG 5234 virgin binderThe test
method is tocool a2-inch by 2inch by 1Ginchbeam specimen at a rate o8iFhour while restraining it
from contracting®” Thetemperatureat which fracture occurs is referred to # dfracture

i S Y LIS NivhicligheBdes a qualitative assessmentbkK S YA ES&Q NBaAradl yoS G2 f
thermal crackingTSRST fractutemperatures for OpercentRAPand 15 percentRAP specimens were
verysimilarto the virgin binder lowcriticaltemperature.*” The 50 percenRAP content specimens had
TSRST temperaturéizat were several degrees warmeéhan the virgin binder, indicating decreased
thermal crackingresistance®” Using a soft virgin binder improved TSRST fra¢emgeraturefor 50
percentRAP mixe§”

Al-Qadiet al.in 2012also used sermircular bending testto evaluateeight mixtures containing 0, 30,
40, and 50 percenRAP fron® areas Districts 1 and5 of lllinois DOYand the effect of binder grade
bumping on the improvement of lotemperatureperformance™ For both of 2 districtd fixes, the
mixtures with an addition 080 percentRAFRNcreasel the potential for thermal cracking abke fracture
energy decreased? Further alditions ofRAP (4@nd 50 percentdid notlead tosignificantly differen
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fracture behaviofrom HMA with 30 percenRAPandthe fracture energyaluesstill remained lower
than those of the control miX? WhenRAP mixes usedsinglebumpedbindergrade,the low
temperaturefracture resistanceémprovedmarginally ™ When RAP mixes usediaublebumped
binder, the low temperature fracturebehavor improved oveithe no-bumpingbehaviorand showecdh
slightimprovementover HMAmix that used asinglebumpedbindergrade ™ Hence the A-Qadiet al.
study recommendediouble bumpinghe binder grade for mixtures with 30 perceat more RAP to
reduce the thermal cracking potentidt?

However,afew studesshowed contradidhg results®™ Hajjet al.in 2009measured thehermal
crackingresistance of mixes containing 0,,Hhd 30 percenRAP fron8 sources an@ types ofvirgin
binder, PG 6422 and PG 6282 Their TSRSiiesultsshowed that for PG 622 mixesthe addition of 15
percentRAFor 30 percenRAP tadhe mix resulted in either better or equivalent resistance to thermal
cracking regardless ofhe source of RAF For PG64-28 mives,the additionof 15 percentRAFor 30
percentRAP resulted in significantly better resistance to theramatkingthan the control mix,
regardless of the source of R&RWestet al.in 2013used?2 test methodsthe semicircular benihg
fracture testand BBR creep test to evaludte low temperatureperformanceof RAP mixtures from
New Hampshire Utah, and Minnesot&” The facturetoughness and fracture energyluescomputed
from the semicircular bendindgest, andthe creep stiffnesvaluesand mvalues obtained from BBR test
wereableto characterizehe Y A E (i dbMif$té i@sistthermal crackingldeally,the mixes withhigher
fracture toughness and fracture energglueswould beexpectedto perform better than mixes with low
fracture properties ™ The two fracture propertiesbtainedfrom the semicircular bexdingtest were
conflicting. Compaadto the correspondingirginmixes, the high RAP mixes generally had higher
fracturetoughnessvalues butsimilaror lower fracture energyalues™ For BBRest results,the mixes
containing RAP generally had higher stiffmesisiesand lower mvaluesthan the virgin mixeswhich
theoretically should result in more crackiffj. However,analysisof the critical crackingtemperatures
for the cimates wherethe materialsoriginatedindicated that the high RA€ntentmixes would
perform similarly tathe corresponding virgin mixes with regard to thermal crackifig.

In summary, most dhe studies indicate that increasing RAP percentage couldpcomise thermal
crackingresistance The use of soft binder coulglp mitigate thermal cracking. Howevdhe mixed

test resultsregardingthermal crackinguggesthat further studies are warranted, especially for local
materials.RAP mixes may enhandetpavement structure by reducing the critical tensile strains in the
pavement.

LaboratoryPerformanceof Plart-Produced RARixes

In addition to thelaboratory mechanical analigsof RAP mixture performance, the effects of plant
productionparameters onhe degree of blending and RAP mixture performaalse haveaaised
concerns.

A study byMogawer et alin 2012included18 plant-produced HMA mixes that contained RAP up to
40 percentwith anominal maximum aggregate size (NMAS)ath 9.5mm and 15-mm.®® The
authors studied the characteristics of these mixes, which came from three projects located in the
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Northeastern United States. They performed different binder and mixture tests to determine the effects
of RAP on field performance. Tihavestigaton foundthat it is essential to document how RAP mixes

are handled and produced, as differences in the recorded production parameters affected the degree of
blending between RAP and virgin bindéfMogawer et alalso found thathe production paraneters
affected theworkahility and performancef mixtures.*® Ther results showed that the use of a softer

virgin binder may improvéhe low temperature properties of RAP mix&2.Also, results of thie overlay

tester tests showed that cracking retince demeased with an increase in RAP contahese results

agree with the results from the lotemperature tests on recovered asphalt bind&t.

McDaniel et al. irr012conducted researchn the performance characteristics of plaptoduced HMA
mixtures.®” The objective ofhis study was to use the high and low temperature properties of plant
produced RARixturesto evaluatewhetherthe current tiered guidelinefor RAP usageerevalid. The
study investigated severadtorsthat could possiblaffect the thoroughnesof the blending between
virgin and RABinder, such agplant type, mixing temperature, the amount of mixing, etc. iFnesults
showed that the stiffness of the mixtures increased vdthincreasen RARespecially at intermediate
and high temperatures®” However, statistically, this increase was significantall the time ®” The
authorssuggestedhat both the grade of the virgin binder and the amount of Réfectedthe increase
in the dynamic modulus valu€” The stiffering effect of RAP binder was more significantrfix with
softer virgin binder gradéhan for mix withstiffer virgin binder gradé&”

Apeagyei et al. in 2011 conducted a studyirginiato evaluate the rutting resistance @ plant-
producedasphaltmixtures with up to 25ercentRAP*® Ther dynamic modulus test results showed

that the stiffness values of the control (virgin) mixes were similar to those pe&&entRAP mixtures.

“8 Apeagyekt al. also conducted flow number tests at 129.2°R steowed that at moderate RAP
contents (10and 15 perceni, the mixtures exhibited better rutting resistance than mixtures with a high
RAP content and the control mixturé®) Statistical analysis indicated that RAP content was the major
factor that affected rutting resistance in the studied mixtur&8 The authors suggested that the reason
for the decrease in the flomumber values at high RAP contents may be linked to the practice of using
soft binder at this level and incomplete blendif{y.

Held Performanceof RAP Mies

ThelLouisiana Transportation Research CediRconducteda comparativestudy of five RAP
projectsandfive conventional construction project§ The field evaluatioportion of the study
included performance in terms ¢fpe of distress, serviceability, and strucwovera life span. The
results showed that the performance thfe pavements witl20 percentRARo 50 percentRAPwvas
similar tothat of conventional pavements, and no significant differesyaere evidentin termsof
serviceability rating and pavement conditiéR

The State oGeorgiain 1995alsoconductedaresearch projecto comparethe performance of
pavements with RARith virgin (control) asphalt pavement® The Georgia Department of
Transportation cortsucted five projectseach one consisted of a recycled section and control section.
The recycled sections contained RAP percergbgbveen 10and25 percent The performance
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evaluation showed no significant differences between the test sectiottseqgfavementswith and

without RAFRN terms of rutting, fatigue cracking, and raveling for a serpi@godfrom 18to 27 months
®0¢ K S &0 dzRe Q& th&RAPAIktwES pefofm sintildy to virgin mixtures® Laloratory
experiments 6field coresin the studyalsoshowed comparable results f®APand virginsections® It

shall benoted that the service period is relatively short, up to 27 months, which may not be sufficiently
long to differentiate the difference in performance

In 20@B, the Virgnia Department of Transportation (VDOMyestigated theeffects of increased RAP
percentages on pavement performance and mixture sdst pojects from3 VDOT districtthat used
more than 20percentRAP®Y VDOT also sampled and testeikas containig less than 2@ercentRAP
for compaative purposes. The results tdboratory testsshowedno significant differencebetweenthe
performance ohigh RAP mixes and control mixes in terms of rutting, fatigue, and moisture
susceptibility®” Furthermore the study showedho construction problems associated with the use of
high RAP mixeS" Some slight price adjustments wemecessarybut they were not due to the use of
high RAP mixeS8® Also, the addition of RAP raised the high temperature gradireggto two grades,
whichshould bea consideration fomix desigr™”

Carvalheet al.in 2010investigatedshort- and longterm RAP mix performande overlays and

comparel the results tothe performance ofirgin hot asphalt mixe$? The study includedecords of18
projects from theLongTerm Pavement Performan¢eTPP) program the United States and Canada.
Thecollectedperformance dataepresentedperiods ranging fron8 to 17 years. The evaluation tie
pavement responseincluded three main disess parametersrutting, roughness, and fatigue cracking.
The esultsobtained fromanalysis of variance (ANOVSkpwed that the performance of RAP overlays
wasstatistically similarto that of virgin HMAoverlays andthat RAP overlays can provide strui@l
improvemens that areequivalent to virgin HMAverlaysin terms ofdeflection®?

West et al. in 2018onducted research to develop guidelines for mixtures with high RAP conitents,
from 25 to 55 percent™ Theyfound that asphal pavements ontaining up to 5ercentRAP showed
positive performance in diverse climates amtler variougraffic conditions*” West et al reported
that many researcherhavestudied the databtainedfrom experimental sections in LTPP program
pavementsto compare RAP and virgin mixés overlay. ™ Those studies indicate that the
performance of mixes containing @rcentRAAsthe same a®r better thanthat of virgin mixest*
RAP mixesxhibitedmore wheelpath cracking than the virgin mixé¥) Re@nt resultsfrom the
National Center of Asphalt Technolo@yCATJest track show that usingoft virgin binder improves the
cracking and raveling resistance of surface miXes.

Summary

RAP characterization stigd havanvestigated the use djoth the ignition ovenmethod andchemical
extraction method to determine the binder conteahdgradation of RAP aggregatéaresmust be
takenwhen ignition overis usedo extract RAP aggregatetlife type of RAP aggregatelikely to break
down or belost unde the extremetemperaturein the ignition oven The determination of the llk
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specific gravity of RAP aggregatest be precisgbecause even amallerror inthe bulk specific gravity
valuewill amplify the error ircalculathng VMA.The tiree current metlods fordetermining bulkspecific
gravityhave their merits and drawbackalso,the performance gradef recovered RAP binder needs to
be determinedif a mixture containdigh percentages of RAP.

Appropriate processing, such as fractionati@ould help educeRAP varikaility in terms of binder
contentandgradation then, RARvariabilitywould not be a limitatiorto increaseRAP content in asphalt
mixes. However, currentlyproper virginbinder selectionis still achallengewhen tryingto achieve
comparale performancebetween mixes witthigh RARontentand mixesvithout RARdue to the
complex issuef blendingbetweenRAPbinderand virgin binderThe effect of high percentageof RAP
on moisturesusceptibilityis limited, andthe addition of antistripping additivesanhelpimprove
moisturedamage resistanc®r mixes with RAP

Most of the studiegited in this literature revievindicatethat the use of RAP in asphalt mixtures could
produce mixtures that perforrbetter than virgin mixes in terms of réstance topermanent
deformationbecause ofhe aged binder in RAPlowever, RAP mixealsocouldreducefatigue
resistanceor causebrittle behaviorif the mix design employisigh percentages of RA®nN the other
hand at low percentages of RAP (lekan 20 perceny}, the fatigue cracking resistanceeensto be
improved with the addition of RAPA few studieshaveshown that moderate andchigh RAP content
mixesexhibitedequivalentor better fatigueresistancecompased to mixtures without RAPMixes
containng RAP werenore susceptible to lowemperaturecracking. However, the use of soft virgin
binderin high RARnixeswas able taeduce the stiffness ahe mixes and improve théhermalcracking
resistanceA few studesshowed contradiaghgresults highighting theimportanceof selectinghe
proper test method.

Many studiesalsoindicated that the field performance of RAP mixtuvessnot significanty different
from that ofvirginmixturesin terms of rutting, fatigue, and moisture susceptibilibut & high RAP
percentages, the mixture performancesults weremixed
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This chapter presents thtest methods and results dRARcharacterizationn terms of binder content,
RAP aggregate gradation, bslecfic gravity (&, of RAP aggregate, and PQlud extracted RAP
binder. This chaptealsopresentsten mix desigs with different percentages of RA#hdtheir
volumetricproperties.

Materials and Methods
RAPCharacterization

This research project usedo different sourcesor RAP material®One RAPhaterial referred to as
North RARwas froma rehabilitation projecton US95 from Garwood to Saglat Northern Idaho. The
other RAPmaterial referred to asSouth RAPwvas froma section ofUS95 from Wilderto Parmain
Southern Idaholn order to control thevariabilityof RAP material the researchteam dried them by
heating them to230°Funtil the sampleweight difference measured every howasless than

0.1 percent.The researchershen fractionatedRAPmaterialsinto coarse RAP and fine RBdsed on
No.4 screenhomogenized each portion in a concrete mixer, amgombinedthem for RAP
characterizatiorand mix design according tbe originalweight ratio ofthe coarseRAPand fine RAP
materialsafter honogenization.The weight ratiowas0.530.47for North RARand 0.41:0.59 foBouth
RAPThe characterization ofdth North RAPand South RAP materiahcludedbinder content, RAP
aggregate gradatiorthe bulk specific gravity dRAP aggregate, a3 of the extractedand recovered
RAP bindes.

Theresearch teamused thechemical extraction method according AASHTO T1&W, Standard
Method of Test foQuantitative Extraction of Asphalt Binder from Hot Mix Asphalt (H&#)the
ignition oven methodaccordng to AASHTO T3@aB), Standard Method of Test f@etermining the
Asphalt Binder Content of Hot Mix Asphalt (HMA) by the Ignition Methitidbut a correctionfactor, to
determine the linder content of RARhaterials“®*” Following thechemical extractin procedurethe
researchersecovered theextracted RABinderaccording tcAASHT®5911, Standard Practice for
Recovery of Asphalt Binder from Solution by Abson Metksidgnitrogen for cooling and
toluene/ethanol as solverft® In order tobe consstert with the field mix designthe researchers
consideredhe binder contentresultsfrom the chemicalextraction methodo be true valuesandthen
usedthese valuesn the mix design to calculate the percentagebofderreplacementfor the mixes.
The esearchers usedASHTO T3M4, Standard Method of Test fdlechanical Analysis of Extracted
Aggregateto determine he gradatiors of the extracted RARggregateobtained from boththe
chemicalextraction method and ignition oven meth@hdthento comparethe gradatiors determined
from these twoextracion methods.® Then, the researchers us&AP gradatioresults from the
chemical extraction methoth the mix design calculatian
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Chapter2 provides discussion of thmethodsused to determinghe bulkspecific gravitpf RAP
aggregateFor this project, the researcheextractedthe aggregataisingthe ignitionoven method to
determine the bulk specific gravity abarse RAP aggregate dimtk RAP aggregaseparatelyin
accordance wittARASHTO T8B4, Sandard Method of Test fd8pecific Gravity and Absorption of Coarse
Aggregate andldaho T-144-08, Specific Gravity and Absorption of Fine Aggregate Using Automatic
Vacuum Sealing (CoreLok) Methmespectively*>> In order to verify the effestof the ignition oven
methodon the change# the bulk specific gravitgf the aggregate ando determinethe accuracy of
this approachthe teammixed thevirginaggregatgwith knownbulk specific gravifywith different
amounts ofbinderandthen compactedthe mixin the gyratorycompactor After that, the researchers
heated thecompacted samples ithe oven at230°Fto break up thesamplesnto loose miesfor
extractionusing theignition oven. Therthe teamdetermined thebulk specific gravitef the extracted
aggregate and comparedte results withthe bulk specific gravityalues before extraction, as shown in
Table 1Thedifferencebetweenthe bulk specific gravityaluesbefore andafter extraction was smadt
than the difference two-sigmalimit (d29. Thereforethe two specific gravity valuasere considered to
be identical In short this project utilized thegnition oven method to extract RAP aggregate &nd
determinethe bulk specific gravityaluesof coarse RAP aggregate and fine RAP aggregat

Tablel. Comparison oAggregateBulk Specific Gravitpefore and After Ignition Oven Extraction

Bulk Specific Gravity
Binder Content (%)
Before d2s
Extraction 43 | 48 | 53 | 58
After Extraction
Coarse Aggregat 2.669 2.653 | 2.649 2.645 H O | 0.025
Fine Aggregate 2.667 2.681 | 2.675 2.676 2.679 0.034'
Combined 2.668 2.665 | 2.660 2.659 2.661 -

AThebulk specific gravity test used for fine aggregate i$44-08, whereas d2& fromAASHTO T8143.

According tahe methodproposed by McDanlet al. in2001to determine therecoveredRAP binder
PG, theresearch team used dynamic shear rheometer (DS#R)test therecovered RAP bindat a
hightemperatureas ifthe binderwasthe originalbinder. Thentheresearch team ageRAP binder in
RTFO andestedit in DSR and BBR determinethe critical temperature and PG of RBiRderwithout
using apressure amgvessel® The researchers obtainedl af thesetest results from three samples
and then calculated theaverage valugand coefficiats of variation (CO¥).

Mix Design

Thisresearchused? field project mk designs as referee mixes these2 reference mixesncorporated
2 RAP sourcesespectivelyOne field project waa section olUS95from Garwood to Saglat Northern
Idaho.TheNorth laboratorymixes with 0, 17, 3@&nd50 percentRAP binder replacememtere used in
laboratorymix desigs based orthe Garwoodprojectandare referred to in this study d$0, N17, N30
and N50.Thefield loose mixwith 30 percentRAPbinderreplacenent from the Garwoodfield projectis
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referred toas NBO. The other project was section otUS95 from Wilder to Parmaat Southern Idaho.
The SoutHaboratorymixes with0, 17, 26and 50 percenRAP binder replacememtere used irthe
laboratorymix desgns based orthe Wilder projectandare referred to in this study &0, S17, S2énd
S50.Thefield looseWMAmixwith 26 percentRAP binder replacement frothe Wilder projectis
referred toas SB6. Thereforethis study investigates @tal of 10 mixes, including laboratory HMA
mixes 1 field plant HMAmix (NF30), and 1 field plant WMAmMIix (SR6). However, WMA field loose mix
was reheated in the laboratory for sample preparation and should be conside@tiMAMIXx.

North Mix Designs

The targeted nx desigs for the North mixesincludeda 19-mm NMAS witha mixture classdesignation
of SP5and raffic levelof 10 to 30million equivalent single axle loadg SALDs Themineralogyof both
virgin aggregate and RAP aggregated in all of North mixes ww@ranite. The volumetric requirements
included air void content o#.0 percent minimum VMA of 13.0 percenVFA of 650 75 percentand
dustto-asphalt ratio of 0.8o 1.6.1n order to control thefinal blended gradation ofhe aggregate
(including RARhown in Table 2he research team adjusted thgradationof virginaggregatego make
the final gradations oéll the mixesthe sameasthat of themix design othe field project. The targeted
PGof the asphalt was PG 583. Based offif Dspecificatiors, PG othe virgin binder used itlNO and N17
wasPG58-28,and PG ofthe virgin binder used ilN30and NBOwasPG52-34 Y Based on the blending
chart, a PG of 434 wassupposed to be used for N50. However, P&4binderwasnot readily
available irthe localmarket and woulchavebeen costprohibitive for a contractor to use. Therefore,
after consulting with ITDthe teamdecided to use PG 524 binder instead. Thishoiceprovided an
opportunity to examine the effectiveness of the usdlod higherPGthat wasavailable inthe market to
replace the unrealistally lowPG bindeasper the blending charfTable 3 presentPGof virgin binders
and PGsf blended binders fothe North mixes Theresearchers calculated thgrades of the blended
binders baed on the assumptiothat RAP binder and virgin bindeeere blended together completely

Table2. Final Blended Gradatiasof North and South Mixes

HPYMAPIMH] DD N PITHDPIMPN NP N D dNN DN

;?N?I_Ké Mn) byl yH|lch| np| HP| mMmdp| mo| b | T p dd
é:Aanztul'Ké Mnfmnf oplyn|f cHl nT] op|HC| Mc|] O] p ®{
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Performance Evaluation of HMA Containing High RAP

Table 3. PerformanceGrades of Final Blended Bindarof North Mixes

North Mixes PG 9f Virgin PG. of RAP PG of Blended Binde Target PG of

Binder Binder Binder
5828

NO Targ) | 5828

N17 5828 61.0-27.3

N30 2222 75.823.6 59.1-30.9 5828

N50 (4034A) 63.928.8

NF30 52-34 59.1-30.9

ABased on blending chart, but not available in local market.

The research team obtained thetimum binder content of eachNorth mix by determininghe
volumetricpropertiesof the mixtures at4 trial binder contentsof 4.3, 4.8, 5.3nd 5.8percent Prior to
mixingthe virgin aggregate witthe virgin binder the researchers heated théargin aggrgateat the
mixing temperature of 28Wfor 3 hours,mixed thedried RAP withhe virgin aggregateandthen
heatedthe mixedRAPandvirginaggregateat the mixingtemperaturefor another2 hoursprior to
mixingwith the virgin binder The compactiortemperature of the North laboratory mixes was 26B.

The research team used the methasjzecified iPAASHTO T26R2, Standard Method of Test for
Theoretical Maximum Specific Gravity,(fsand Density of Hot Mix Asphalt (HMA)d AASHTO T166
13, StandardMethod of Test foBulk Specific Gravity (& of Compacted Hot Mix Asphalt (HMA) Using
Saturated Surfac®ry Specimenso determine themaximumspecific gravity (G) of loose mixes and
the bulk specific gravity () of compacted samples, respectivei? After consulting with ITDhe
researchers conducted theaisture susceptibility test only fahe mix withthe highest RAP percentage,
i.e.,N50Q in the laboratory according t&AASHTO T16®, Effect of Water on Compressive Strength of
Compacted Bitumivus Mixtures® If the researchers had found that theoisture susceptibilitypf N50
wasa concernthey would have conductenhore tests on other mixe§ he antistripping agentused

was MORLIFE 50@00.5 percentof the optimum binder content of N5@nd NF30

South Mix Designs

The targeted nx desigs for the Southmixesincludeda 12.5mm NMAS witha mixture class
designationof SP4anda traffic level of 3 to 10 rilion ESALS hemineralogyof both virgin aggregate
and RAP aggregate used in all ofitBanixes wafuaternary alluviumThe volumetric requirements
included air voidcontent of 4.0 percent, minimum VMA of 14 perce¥EA of 650 75 percent and
dustto-asphalt ratio of 0.@0 1.2. Againthe research team controllethe final blendedyradations of all
the Southlaboratory mixeshe same ador the Southfield mixes asshown inTable2. The targeted final
blended asphalt was PG-28. Based on ITD specificatigrPG ofthe virgin binder used in SO and S17
was PG 7@8andPG othe virginbinder used in S26 and SF26 was PG4% Based on the blending
chart, PG ofthe virgin binder used in S50as supposed to bBG 5840. However, based on market
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Chapter 3. RAP Characterization and Mix Design

availabilityand after consulting with IT,Bhe researchers usedG 5834 for S50. Tablé presentsPGsof
virgin binders and®Gf blended binders fothe South mixes

Table4. PerformanceGradesof Final Blended Binderof South Mixes

South Mixes PG of Virgin | PG of RAP | PG of Blended Target PG of

Binder Binder Binder Binder
70-28

SO (Targety | = 70-28

S17 70-28 72.626.1

S26 64-34 69.529.5 70-28

85.2-16.8

58-34

S50 (5840“) 71.625.4

SF26 64-34 69.529.5

A Based on blending chart.

The research teardeterminedthe optimum bindercontentfor eachSouthmix using asimilar

procedure ador the Northmixes with4 different binder contents of 4.55.0, 5.5and 6.0percent The

mixing and compaction temperatusdor the Southmixes were 328Fand299°F, respectively. The
heatingprocedureprior to mixing waghe same agor the North mixes Again, &er consulting with ITD,

the researchers conducted thmoisturesusceptibilittest only forthe mix with the highest RAP
percentagej.e., S5Q in the laboratory with 0.5 percenanti-stripping agentlif the reseachers had

found that the moisture susceptibility for S50 was a concern, they would have conducted more tests on
other mixes The antistripping agentusedwas MORLIFE 50@00.5 percentof the optimum binder

content of S50 and SF26

Resultsand Discussin
Characterization oNorth RAP andNorth Mix Desigrs

Figures5 and 6 present theresultsfor the bindercontentsand RAP aggregatgradatiors of the North
RAR respectivelyTheignition oven methodletermined the binder content to b4.9 percent whichis
slightlyhigherthan the binder content of 4.5 percedeterminedfrom the chemicalextractionmethod.
The possibleeasonfor thisdifferenceis thatthe test temperatureof 1,000°Fduring the ignition oven
process may have burned awsgme ofthe mineral aggregateAs for RAP aggregate gradasptine
results from the tweextractionmethods were close to each other. In order to be consistent thi¢h
field mix design, theesearch team used theesultsfor the bindercontentand gradation fronthe
chemicalextractionmethod for the mix design of mixes with different RAP cordgent
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Binder Content (%)
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Figure5. Binder Content of North RAP
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Figure6. Gradation of NorthRAP Aggregate

Tables5 and 6present te resuls of the bulk specific gravityaluesof the North RAP aggregate
extractedusingthe ignition ovenmethodand PG othe recoveredNorth RARinder, respectively The
combinedbulk specific gravityalueof the North RAP aggregate 2.618 calculatedaccordingo the
ratio ofthe coarse RAP aggregatethe fine RAP aggregate (0.43:0.%rdbased orthe gradation of
the North RAP aggregat®G otthe recovered North RAP binder is PGZ20)
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Chapter 3. RAP Characterization and Mix Design

Table5. Bulk Specific Gravity of North RARggregate

Sample #1| Sample #2| Sample #3| Average [S):/?;t?(;g COV(%)
/ 21 NES w!t Hdcn| Hdcn| HDPcM HDcn| ndnn noemp
CAYyS wlt | HdcM HPcH|] HPco|l HPcH| nodnn n®oo
/| 2Y0OAYSR 0] HdPCc My

Table6. Performance Grade of Recovered North RAP Binder

PG of Recovered North RAP Binder
Sample #1| Sample#2| sample #4 Average |52 cov ()| PG
P P ple #4 9€ Ipeviation 0
High Temperature 76.9 74.9 75.5 75.8 1.026 1.35 70
Low Temperature -22.7 -24.6 -23.6 -23.6 0.950 4.02 -22

Fgure 7presensthe resultsof the optimum asphaltcontents andvolumetric propeties ofthe North
mixes with different percentageof RAPAppendix Aprovides e@tailsregarding themix design results.
The redinesin Figure? signifythe allowable limits based on ITD specificatiofigure7 showsthat the
total optimum binder contets of allthe mixesare close toeachother, with a maximum differencef
0.4 percent The volumetric properties of athe North mixes,includingair void content, VMA, VFAand
dustto-asphaltratio, satisfy ITD specification requirement

Table 7 presats the moisture susceptibility test resultsr N50 and NF30which are based on the
retained unconfined compressive strength values as the ratio of wet strength to dry strdriggtatios
for N50 and NF3@re 113 percent and 92 percemespectivelywhich both pass theminimum
specificationrequirementof 85percent Thereforethe mixes with high percentages of RAEre not
susceptible tanoisturedamagewith the addition of aranti-stripping agent intdhe mixes.
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Figure7. Mix Design ResultsfdNorth Mixes (a) Optimum Binder Content,
(b) VMA, (c) VFA and (g Dustto-Asphalt Ratio(DR)
Table7. Moisture Susceptibility oNorth Mixes
. T Air Void | Dry Strength | Wet Strength %Retained
0,
Mixes [ %Antistripping (%) (psi) (psi) Strength Fec.
N50 0.5 57 352 399 113 .
85% min.
NF30 0.5 6.5 535 494 92

Characterizatiorof South RAP an&outhMix Desigrs

Hgures 8 and9 present thebinder contentsand RAP aggregatgradatiors of the South RAP
respectively The binder contentleterminedfrom the ignition oven method is 5.6ercent which is
higher than the binder content of 48rcentobtainedfrom the chemicalextractionmethod. The

differ

ence betweerthe ignition oven method and chemical extraction methiod the South RAP is 0.7

percent which is higer than the differencef 0.4percentfor the North RAP. It seems that the South

RAP

aggregate was more susceptibleeng burned awaguringthe ignition processhan the North

RAPaggregate As for the gradation dhe South RAP aggregatége resultsfrom the twoextraction
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Chapter 3. RAP Characterization and Mix Design

methods were close to each other, which is simitathe gradationresuts for the North RAP aggregate.
Therefore, based othe resultsfor the binder contens and aggregate gradatisror both the North

RAP and South RAvRateriak, the chemicalextraction methodappears to benore reliablefor
determining binder contentand RAP aggregate gradatitvan theignition oven methodlf the ignition
oven methodmustbe used,then acorrectionfactor for the binder contentwould be needd.
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Figure8. Binder Content of South RAP
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Figure9. Gradation of SoutiRAP Aggregate

Tables8 and9 present te resultsfor the bulk specific gravitgf the South RAP aggregate extracted
usingthe ignition ovenmethodand PG ofhe recovered South RAbinder respectively The combined
bulk specific gravityalueof the Souh RAP aggregais 2.583 ascalculatedaccordingo the ratio of
coarse RAP aggregdtefine RARggregate (0.32:0.6&8ndbased orthe gradation ofthe SouthRAP
aggregate PG dthe recovered South RAP binder is 8516, which is significantly higher than BRBG
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70-22) of the North RAP bindeiThe high PG of South RAP binder may be because stiff virgin hiasler

often used in South Idahsased on LTPPBind softwavehen compaed to North Idaho.

Table8. Bulk Specific Gravity of South RARgregate

Standard cov
Sample #1| Sample #2| Sample #3| Average Deviation (%)
/I 2F N&BES w!t Hdpy Hdpp Hdpn| Hdppl noam| NOET
CAYS w!t | Hdpd| HDPpy Hdcn| HOpd nodnn| N PH
| 2AY SR on Hdpyo
Table9. Performance Grade of Recovered South RAP Binder
PG of Recovered South RAP Binder
. A Standard 0
Sample #1| Sample #4 Sample #3 Average Deviation COV (%) PG
High Temperature 85.3 85.1 85.1 85.2 0.115 0.14 82
Low Temperature -17.0 -16.7 -16.8 -16.8 0.153 0.91 -16

Fgure 10 presensthe resultsof the optimum asphaltcontents andvolumetric properties ofhe South
mixes with different percentageof RAPTable 140f Appendix Apresents @tailsregarding themix
designs.Thetotal optimum binder contents of athe mixesare close toeachother, with amaximum
difference variation of 0.¢ercent Again, by controlling the final blended gradatitime volumetric
properties ofthe Souh mixes,includingair voidcontent, VMA, and VFA, satisfy ITD specification
requiremens. The only exception ite dustto-asphaltratio for S50 mixwhichslightly exceeded the
specification of 1.2pecausehe South field mix has a dugb-asphaltratio of 1.2, which isn the
speciftation limit. Still, the inclusion of high percentage RAP did not affect thetdwetphaltratio and
other volumetric properties significantly.

Table 10 presenthe moisture susceptibility test resultsr S50 and SF2&heratios of wet strength to
dry strength for S50 and SFa@& 97 percentand 98percent respectivelywhich pass theninimum
specificatiorrequirementof 85percent Againthe mixes with high percentages of R&Bre not
susceptible tanoisturedamagewith the addition of aranti-stripping agent intdhe mixes.
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Figurel0. Mix Design Results of South Mixe&) Optimum Binder Content,
(b) VMA, (c) VFA and (d) Dustto-Asphalt Ratio(DR)
Tablel0. Moisture Susceptibility ofSouthMixes
. Co Air Void | Dry Stength | Wet Strength %Retained
Mixes | % Anti-stripping %) (psi) (psi) Strength Soec.
S50 0.5 6.6 cyn ccn 97 .
85 min
SF26 0.5 6.4 nyn nrtn 98
Summary

The research team characterized tRerth RAP and South RARterialsobtained from o sourcesn
terms of binder content, RAP aggade gradation, bulk specific gravity of RAP aggregateP&hdf the
recoveredRAP bindes. RAP binder contesthat the teamdeterminedusing theignition oven method
were higher thanthosedetermined fromthe chemical extraction method. RAP aggregatedgtions
were closeto each other regardless othe extraction methodused BecauseRAP aggregate might be
vulnerableto beingburned awayduringthe ignition ovenprocessthe chemicalextraction method
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appears to bamore reliablefor determining thebinder contentand RAP aggregate gradatithran the
ignition oven methodThe research team also determinB¢& otthe recovered RAP bindeusing forthe
blending chart study durinthe mix desigs.

In terms of mix desigrhe research team was able to coaltthe final blended gradatiosof the mixes
to maintain consistencwith the field plant mixesThe team selecteBGs of virgin bindes of the mixes
with different percentages of RAP based on ITD specificagindthe availabilityof the binderin the
localmarket. For botlthe North mixes andSouthmixes, hetotal optimum binder contents athe mixes
with different percentages of RAP were closethother, with amaximum difference variation of 0.4
percent Furthermore, the wlumetric properties of oth the North mixes andsouthmixes,includingair
void content, VMA, and VFAatisfiedITD specification requiremesitAlso, themixes with high
percentages of RARere not susceptible tanoisturedamagewith the addition of aranti-stripping
agent intothe mixes. Thereforehe mix desigaof mixes containing up to 5fercentRAPwere able to
meet ITDspecificationrequiremens.

26



Chapter 4. Laboratory Performance Evaloatof HMA with RAP
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This chapter presenthie methods and results of laboratory germancetestingfor North and South
mixes containinglifferent percentages of RAP in terms of rutting resistance, fatigue cracking resistance,
and low temperature thermatrackingresistance.

Rutting Resistance

The research team usdibw numberand gyatory stability tests to determine the utting resistance of
the mixes Theteam also measuredynamicmodulus valuego evaluate the effectof RAP onhe
stiffnessof the mixesand utilizedthe flow numbeisto describethe rutting resistancehat wasdueto
the lateral sheaffailure of the mixes The gyratorystability test results indicate the stability of the
aggregate structuref the mixes

Dynamic Modulus and Flow Numbé@rests

The research team conducted the dynamic modulus tests in accordanc&MBRTO T 3401, Standard
Method of Test for Determining Dynamic Modulus of-Mot Asphalt Concrete Mixturé® The
temperaturesusedfor the dynamic modulus tests were 40°F, 70°F, 100°F, and 1808&ch
temperature,the researchers applie@different loading frequencies25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz,
and 0.1 HzAfter short-term agingfor 16 hours at 14€F, the researchers fabricated the specimdns
compactngthe loose mixesn a gyratory compactdio a target height of 6.7 inchemd 59 inchesin
diameter. After compaction, the researchers cored and trimmbd specimens to 5.9 inches in height
and 4 inchegn diameter with air void levels of 0.5 percent. The researchers used AsphaltMixture
PerformanceTester AMPT) to test the prepaed samples. They fabricated and tested a total of three
replicates for each mixture. After obtaining the raw data, the researchers averaged the dynamic
modulus values of all ke samples at each combination of temperature and frequency sets and
calculatedthe standard deviation and COV for each temperature and frequency.

The flow number testypically is used after dynamic modulus testing to measure the rutting potential of
asphalt concrete mixires. As shown in Figufid, the flow number is the numberfdoad repetitions

when the permanent deformation rate reach&sthe minimum. The research team conducted flow
number tests using a loading cycle of-$€tond induration, which consisted of a Gskecond haversine

load pulse followed by a 0-€econd resht a test temperature of 13®. This protocol is in accordance

with AASHTO TP-3, Standard Method of Test for Determining the Dynamic Modulus and Flow
Number for Hot Mix Asphalt (HMA) Using the Asphalt Mixture Performance Tester (AMRE)

researckers used UTSO005 version 1.33 software to calculate and record the flow points and cycles
automatically. The researchers then compared the flow number measured for each mix to the minimum
flow number criteria recommended in the NCHR&port 70Zor HMA, asshown in Table 14*
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Figurell. Schematic of Flow Number Test D&fa

Table11. Minimum Flow Number Requirement®ecommendedy NCHRMReport 705*)

Traffic Level. Million Minimum Flow Minimum Flow
ESAL’s Number, Cycles Number, Cycles
(HMA) (WMA)
<3 - -
3to <10 50 30
10 to <30 190 105
Equal or >30 740 415

Gyratory StabilityTests

Theresearch team determined thgyratory stabilityof the asphalt mixes to evaluate the stability thie
aggregate structureof the mixes Theresearchers calculateithe gyratory stability valuesfor each mix
at 4+ 0.5 percentair voidcontent. The Servgpac Gyratory Compactor, as shown irfHigure 12, was setin
accordancavith the testing procedure that developed aprevious research for IT[Bdditional
information aout gyratory stabilitytesting can be found in théiterature.®V
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Figurel2. Servgac Gyratory Compactor and Gyratory Stability Sampiter Compacton

Compaction datasuch as specimen height, density, and number of gyratioassferred automaticly
from the Servpac compactor to a buiin file. Using Visual Basic softwai@STABthe researchers
could easily import and integrate thesiata irto the software to calculate the gyratory stability
values® Figuresl3 and 14 show the compaction da from agyratory stability softwareoutput file and
the gyratory stabilityresults respectively.

Figurel3. Project Information WindowWhen All Data Entriesre Complete

29

New | OpenFile | Save Input Data  Run Analysis | Save Report = Exit
1. Project Information 3. Gyratory Compactor Data
ProjectName:  North RAP Project Vertical Stress (kPa) 600 N-design 100
ProjectNumber.  KLK Gyration Angle (*): 125 No. of Gyrations: 100
Key Number: 563 Pine AFG1 Pine AFG2
Distit Gyration No. Height(mm) Shear Stress(kPa)
SamplelD.  0%RAP £
1 1470 1900
Date. Monday . April 01,2013 ~ 2 1425 2240
ESALs (millons) 3 1397 2350
4 1377 2460
| Superpave Class:  SP6 ) 136.2 2520 o
2 HMA Data
| Sample Diameter (mm): 150 v
Sample Weight (g): 4850
Max. Specific Gravity, Gmm: 2505
| Final Bulk Specific Gravity, Gmb: 2403
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New | Open File | Save InputData = Run Analysis | Save Report | Exit

1. Project Information

Project Name
ProjectNumber:  KLK
Key Number. 563
District
SampleID: | 0%RAP
ESALs (millions)

Superpave Class:  |SP6

2.HMA Data

Date: Monday .

Sample Diameter (mm):
Sample Weight (g):
Max. Specific Gravity, Gmm:

Final Bulk Specific Gravity, Gmb:

North RAP Project

April

01,20

2505

2403

13

3. Gyratory Compactor Data

Vertical Stress (kPa): 600 N-design: 100
Gyration Angle (°): 1.5 No. of Gyrations:
Pine AFG1 Pine AFG2 Servopac
Gyration No. Height(mm) Shear Stress(kPa) -
1 1470 190.0
2 1425 224.0
3 139.7 2350
4 137.7 246.0
5 136.2 252.0
4 Results

Starting Number of Gyrations (NG1):
Final Air Voids, AV (%):
Gyratory Stability, GS (kN.m):

ContactEnergy Index, CEl (kN.m):

3

41

221

1221

Figurel4. Project Information WindowWhen Analysis is Complete

FatigueCraclng Resistance

The team subjected theamplesused forthe fatigue tests to longerm aging The preparation process

for the laboratoryfatiguetest sampleds as follows:

Step 1:Heat the Vrgin aggregate athe mixing temperature fothree hoursandblend thevirgin
aggregate witrRAFfor mixesthat contain RAPThen heat thevirgin aggregate and RAP together

for anothertwo hours and mix wittihe virgin binder.

Step 2:Age the &boratoryloose mixat the compaction temperature fo2 hours and shorterm age
the mixat 14CFfor 16 hours followed by hours atthe compaction temperature for gyratory

compacton.

Step 3:Compact thedboratoryloose mixto 4.53 inckes inheight and6.0inches indiameterusing a
gyratory compactorCut and core theompacted sampleto 4.0inchesin diameterand 1.5 inches
in thicknesswith air voids of 4 0.5percent Then longterm age4-inch samples at 185for 5 days.

Becausehe plantproducedmixes obtained fron2 field projects alr@adyhad beenagedin an asghalt
plant and had been storealpproximatelyone yearin alaboratory, theresearch teanheatedthem at
2.5 hours athe compaction temperature for gyratory compaction, and then follovigdp 3 for the

longterm aging process.
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The research team characteed aitiguecrackingesistanceusingfracture work density andertical
failure deformationdata obtainedfrom IDTtestsat 68°Fto evaluatethe mixtured @sistanceo bottom-
up crackirg andtop-down crackingrespectivelyThe indirect tensile test waset up as shown in Figure
15a.%® The definition of fracture work densitys fracture work divided by sample volupendfracture
workisthe entire area under the load versus the vertical displacement cuaseshown in Figurebhh.
The definition ofverticalfailure deformationis theverticaldisplacement undethe peak loadwhich
indicates the ductility ofthe mix to resist topdown crackingas shownalsoin Fgure 15b.

The research team usedsarvehydraulic Geotechical Consulting Testing Syste@QTS) with an
environmentalchamber to test the sample3he researchemounted bur linearvariabledifferential
transformers (LVDTSs) on tifi@nt and back otachsample to measure thhorizontal and vertical
deformationsduringthe tests. Oncehey attached theLVDTsthe researchers placed thgpecimenn
the loading apparatusyhich consistd of top and bottom plates with loading strips tbfe proper
curvature to loadhe specimensasshown inFgure15. The team performeddtiguetests at 68Fwith a
deformation rate of2 inches per minutaisingthe GCTS ranThemachine continued theleformation
until the load onthe sample achieved a value close to zérbe team tested theereplicatesfor each
type of mixand then calculatethe average valugand COY.

Peak Stress

/ Fracture

Load

/ Work
» wertical Displacement i
Vertical Failure Deformation
(a) (b)

Figurelb. Indirect Tensile Tedqta) Indirect Tensile Test Satp
and (b) LoadDisplacement Curvef Indirect Tensile Test

Low Temperature Thermal Cracking Resistance

The research tearmoonductedcreep compliance anliDTstrengthtestsat 14°Fto characterize thedw
temperaturepropertiesof mixturesin accordance witMASHTO T3227(2011) Standard Method of

Test forDetermining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using the Indirect
Tensile Test Devié¥® The team conducted amondestructive creep compliance test for each sangile

4°F, 1£°F, and 32Fwith a constantload duration of 10&econds The team then carried ouDT strength
testsat 14°Fat a displacement rate of 0.1 inch perinute. IDT strength testontinued to deform the
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sampleuntil the load onthe samplereacheda value of zero and the specimen completely sypért
The researcheraiseal the creep compliance and IDT strengthluesin MEPDGorogramto predictthe
mixturea tiermal crackingerformance(presented inChapter 5. The researchers then calculated the
fracture work densityaluesof the mixtures from IDTstrengthtest resultsat 14°Fto comparethe
resistanceo thermalcrackingof mixtures with different percentages of RAP.

Becausehe resistanceo low temperature thermal crackingeflects thelongterm performance othe
mixtures,the conditioningof the samplesused forthe thermal cracking testwasthe sameas the
procedurefor IDT fatigue test

Results and Discussion
North RAPMixes

The research team determined dynamiodulus values as inpsito MEPDG program for performance
predictiors. Figure B shows the measured dynamic modukeuesat different temperaturesTable 15
in Appendix Boresens details regarding thelynamic nodulus values for athe samplesAt 40°F and
70°F the stiffnessvaluesof the North mixesare seen tancreaseas RAP percentage increaseven
though theresearch team usedinder grade bumping anfibllowed theblending chart to adjust the
grade ofthe virginbinders. However, atL00°F the dynamic modulus values ND are higher thanthose
of N17 and close tthoseof N30 and NF3t 130°F, NO, N50, and NF&¢hibithigher dynamic
modulus values than N3ndN17. N17 mixture has the lowest dynamicautus values.

As indicated indble 11for the minimum flow numbers recommended by NCHRPort 702the
recommencd minimum flow number, based on ESALSs, forNlbeth mixes $190, as indicated by the
red line in Figure 4. Hgure 17 shows thatall the mixessumpassedhis number, which indicates thatla
the mixtures hae reasonablaesistarce tolateral shear failureAs RAP percentage increased, the flow
numberincreasedThe Mrth mix with50 percentRAPhas the highest flow numberfollowed byN30

and NF30N17iscomparableto the control mixin terms of flow numberThe fact that N30 has a higher
flow number than N17 indicatdbat reducing binder grade did not offset the stiffening effects of
inclusion ofRAP in the mixesandthat the degree of kending may not completel'he high flow number
of N50 may be attributed to the use of PG-32 virgin binder, instead of PG-8@ virgin binder
recommended by the blending chart, as well as incomplete blending between RAP binder and virgin
binder. Tablel6in Appendix B presents details regarding the flow number testing. TabteAppendix
B presents thestatistical analysief the results whichshows significantdifferences among the mixes.
N50 showed the highest significant difference compared to theomixes.

32



Chapter 4. Laboratory Performance Evaloatof HMA with RAP

mNO = N17 = N30 m N50 m NF30 ®NO mN17 mN30 mN50 mNF30
2,000,000 1,000,000
» 1,800,000 +— % 900,000
~1,600,000 - £ 800,000
= 1,400,000 - 3 700,000
S 1,200,000 - 3 600,000
= 1,000,000 < 500,000
£ 800,000 2 400,000
S 600,000 £ 300,000
2 400,000 S 200,000
200,000 8 100,000
0 0
25 Hz10 Hz5 Hz 1 Hz0.5 HO.1 Hz 25Hz10Hz 5Hz 1Hz0.5HAD.1Hz
Frequency (Hz) at 4& Frequency (Hz) at 74F
(a) (b)
= NO m N17 = N30 m N50 = NF30 = NOm N17= N30m N50m NF30
300,000 = 90,000
& 250,000 S 8
= 250, @ 70,000
= 200,000 2 60,000
g 2 50,000
= 150,000 2 40,000
£ 100,000 £ 30,000
g S 20,000
g 50,000 8 10,000
0 0
25 Hz10 Hz5 Hz 1 Hz0.5 HO.1 Hz 25 Hz10 Hz 5 Hz 1 Hz 0.5 HD.1 Hz
Frequency (Hz) at 104 Frequency (Hz) at 13&

(c) (d)

Figurel6. Dynamic Modulus (psi) of North Mixes at
(a) 40F, (b) 70F, (c) 100F, and(d) 13C°F
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Figurel7. Average Flow Numbers of North Mixes

FHgure 18 presensthe gyratory stability test resultsfor the North mixes.Table 18in Appendix B
presents @tailed tests resultsA comparison of theontrol mixand RAP mixeshowsthat RAP mixes
havecomparableor slightlyhigher gyratorystability valuesthan the control mix N17 haghe highest
gyratory stability value followed by N5ON30, and NF3QAIthoughthe statistical analysis presented i
Tablel9 shows significant differenceamongsome ofmixes due tahe high repeatability othe
gyratory stability tests,the gyratory stability valuesof the North mixes are very close to daother, as
indicated in Figure&. This finding is reasonabléecausehe North mixes have identicalygregate
gradatiors and gyratory stability is an indicator to aggregate stability
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Figurel8. Gyratory StabilityValues of North Mixes
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Figurel9 and Tables20, 21, and22 showthe resultsfor fracture work densityyerticalfailure
deformation and IDT strengtlat 68°Ffor the North mixes with different percentages of RAR
obtainedfrom IDT test at 68 ANOVA provided nitiple comparisons betweetihe resultsfor fracture
work density and vertical failure deformation of mixedta level of significance of 0.0%able23in
Appendix Bresents thestatistical analysis resultBoth the bar chartaindstatistical analysis shono
significantdifferences in terms of fracture work density and vertical failure deformatomongthe
North mixeswith different percentages of RARvhich indicatsthat all of the North mixes have
comparable resistance toottom-up and topdown fatigue crackingAs mentionedefore,althoughthe
blendingof RAP binder and virglindermay not bethorough this incomplete blending does neéem
to haveaffected the fatigue cracking resistance thie North RAP mixes.
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Figurel9. North Mixes: (a) Fracture Work Density(b) Vertical
FailureDeformation, and (c)IDTSrength at 68F

Figure20and Table24 show the results ofthe low temperature thermal cracking tesof the North
mixes in terms ofracture work densityTables25and 26 in Appendix Bpresent he complete rsults of
IDT strength andreep complianceéests The researcheralso presenthese resultdor the performance
predictions by MEPD@rogramin Chapter 5SANOV Arovidedmultiple comparisons ahe North
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mixturesin terms offracture work densitywaluesobtainedfrom IDT test$ at 14°Fandat a level of
significance of 0.05asshown inTable 27in AppendixB.

Theresultsshowthat the North mix without RAP (NO) hashigher fracture work densityaluethan N17,
N50, and NF30, indicatinthat North RARmaterialsincorporatedinto the North mixesaffect the

Y A E (i dzdishasicBo thermal cracking. However, statisticaltize fracture work densitywaluesof NO
and N30 areomparablewithout significant differencat alevel of 0.050nereason for thamproved
resistanceo thermal crackingof N30is that itusedsoftervirginbinder (PG 534)than thetarget
PG58-28 binder.

Overall, the binder grade adjustment seemdaeworked well with regard tofatigue cracking
resistanceat the intermediate tempeature for the North RAP mixedHowever, the fact that the rutting
resistance athe high temperature increased as a resultasfincreasein RAP percentage and thtte
low temperature cracking resistangeascompromised as RAP percentage increbisdicaiesthat the
binder blendingvasnot complete.That is, thebinder grade adjustmentid not work well forthe low
temperature cracking resistance of North RAP mixes.
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Figure20. Fracture Work Density of North Mixelsom IDTStrengthTestat 14°F
South RARMixes

Figure21 showsthe measured dynamic modulus values at different temperatuaesl Table 28in
Appendix B shows the detailelynamic modulusalues It is interesting to note that S26 and SF26 have
lower dynamic modulus valuglan other mixesat atemperature of40°F, 70°F, and 100°F; respectively,
andhavehigher dynamic modulus valuestae temperatureof 130°F.
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Figure21. Dynamic Modulus (psi) of South Mixes at (a)°&0(b) 70°F, (c) 100F, and (d) 130F

As indicated iMable 11 the minimumflow numberrecommendedy NCHRReport 702for the South
mixesis 50. *” Figure 22 and Table29in Appendix Bhow that all the mixessumpassed tiis number,
whichindicates thatall the Southmixtureshavea strongresistanceo rutting. Based orthe statistical
analysigresentedin Table30in AppendixB, S26, S50, and SF26 have higher flow number values than
D andSLl7. The 17percentRAP mix haa comparabldlow numberto that ofthe control mix . Again,
the fact that S26SF26and S50 s have higher flow numbeithan SO and Sliidicates that the grade
bumping and the use dhe blending chart did not offset # stiffening effects of RAP atitht the
blendingof RAP binder and virgin binder may matvebeen thorough
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Figure22. Average Flow Numbers of South Mixes

Fgure23as wellasTable31in AppendixB presentthe gyratory stability values of the Southmixes The
South mixes showomparablegyratorystability valuesto each other. Thisutcomeis reasonable
becausehe final bended aggregate gradatigrofthe South mixesre controlledto be the sameThe
statisticd analysis presented in Tal8@ shows a slightdifferenceamong some of RAP mixes
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Figure23. Gyratory StabilityValues of South Mixes

Figure24 and Table 33, 34, and35 in Appendix Bhowthe resultsfor fracture work densityvertical
failure deformation and IDTstrengthat 68’ Ffor the Southmixes with different percentages of RAR
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obtainedfrom IDT testt 68F ANOVA providethultiple comparisongmongmixes atthe level of
significance of 0.05able36in Appendix B presents trdetailedstatisticalresults

For the fracture work densitgesultsof the Southmixes,based on ANOVA analys#)performed

identicallywith S17 butwassignificantly bette than S26, S5@nd SF2an terms ofvertical failure

deformation SO and S17 performed identically, and S17 was significantly better than S26, S50, and SF26.
Mixes with high percentages of RAR,, S26, S50and SF26exhibitedsimilar fracture work dnsity and

vertical failure deformatiowvalues Recall that fothe North mixes, nastatistically significandifference

in fracture work density and vertical failure deformatiaas evident among thdifferent mixes A

possible explanation is that whenetlsoft virgin binder is used, the use of virgin binfigrSouth mixes
mayhavechangeal from polymer modified asphalt (e.g. PGZ8) topossiblyunmodified(or less
modified)binder (e.g. PG 584) which could compromise the fatigue performaneadile thisis not the

case for North mixes.
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Figure24. South Mixes: (a) Fracture Work Density(b) Vertical
FailureDeformation, and (c)IDT Strength at 68~

Figure25 as well as Tablg7 in Appendix Bhow the results ofhe low temperatuie thermal crackig
tests of the Southmixes in terms of fracture work densityables38 and39in Appendix B presenDT
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strength and creep compliangesults these resultsvere used as inpigto AASHTOWare PavemeviE
Design to predict pavement performand®NOVAprovided multiple comparisons ahe Southmixtures
for fracture work densityasobtained fromIDT strength tesat 14°Fandat alevel of significance of 0.05
Table40in AppendixB presents thedetailed analysis result®ased orthe fracture work density reults

of the Southmixes, S0, S1850and SF2®Gave similar fracture work densitsaluesto resist thermal
crackingand these valueare higher tharthose 0fS26 For S50, the use of PG-38, instead of PG8
40asper the blending chart, may have hetpto improve the thermal cracking resistance, considering
that the blending between RAP binder and virgin bindkesnot complete.
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Figure25. Fracture Work Density of South Mixdeom IDTStrength Teshat 14°F

Summaryof Test Results

Based on the test mllts, it can be seenthaktS YA EGdzZNB&EAQ NHzi GAy3I NBaAadldl yof
indicated by the flow number, increased as RAP percentage increased. RAP mixture aggregate structure
stability for both the North and South mixes, as indicated by thatgyy stability values, was

comparable to or slightly better than that of the control mix. Overall, the rutting resistance of RAP mixes

was the same as or better than that of the control mix. This result also indicates that the blending

between RAP bindand virgin binder was not complete and that the aged RAP binders helped improve

the rutting resistance of the mixes.

In terms of fatigue cracking resistance, all of the North mixes performed comparably in terms of both
bottom-up and topdown fatigue cradkg resistance. However, a comparison among the South mixes
showed that the addition of 2fercentor more RAP compromised the resistance to fatigue cracking
Thespecification of the use of soft binder may change the use of polymer modified binder to
unmadified (or less modifiedpinder which compromisgthe performance, such as the case of fatigue
cracking for South RAP mixes.
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In addition, the use of virgin binder PGs that were higher than the very soft binder PGs based on the
blending chart for the higRAP mixes (N50 and S50) did not seem to cause any performance problems.
In fact, the use of PG 584, instead of PG8-40 as per the blending chart S50 seemed to be

beneficial for pavement performance.

Statistical Analysis

Ideally, cracking performandests should be included in the mix design to ensure that RAP mixes
perform as well as the control mix. However, it is needed to provide guidance to a mix designer to how
to achieve designing a RAP mix that perform well, by determining the factors fhat tkfe

performance of RAP miXhe test results above indicatkat the binder grade bumping and blending

chart may not work well, especially for the thermal cracking performance. To determine the significant
factors affecting the thermal cracking penfoance, statistical analysis was conducted based on the test
data of North and South mixeandbased on stepwise regression using SPSS progitaarfactors

affecting the low temperature material property, fracture work density, were determineggastion

shown in Figure 26

FWDh,=9.437+0.17Prp5.209AV46.690/MA+147%Girgin 10051 Girgin_ i

Where:
FWDQL, =Fracture work density at low temperature, psi.
Prap = Percentgeof RAPpercent
AV = Design air void, gercentin most cases.
VMA = Vod in mineral aggregatgercent
P Giirgin low =Low temperature grade ofirginbinder.

PGiginnigh = High temperature grade ofirginbinder.

Figure26. Prediction of Fracture Work Density of Control Mix at Low Temperature

It is noted that the lav temperature PG of RAP binder is not a statistically significant factor for thermal
cracking resistance of a RAP pwkich indicates that the thermal cracking performance of a RAP mix is
sensitive to low temperature grade of virgin binder, instead of temperature grade oRAPbinder.

Figure Z indicates that the above model is moderately effectivgiadicting the fracture work density

at low temperature.
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The above moel in Figure 26rovides an alternative to design a mix with RAP to achieve the same
thermal cracking resistance as that of control mix by selecting proper low temperature PG of virgin
binder for a mix with RAP, withothie need toconduct performance testor extract and recover RAP
binder. The low temperature PG of virgin binder for a mix wigPRan be determined &sgure 28

PGirgin_low=(FWR-9.4370.17 Prppt5.209AV-6.690VMAH0.513P Girgin_hign/1.475

Figure28. Virgin Binder Selection of Low Perfmance Grade for RAP Mixes

The high temperature grade of virgin bind®Girgin_nigy Can be kept at high temperature PG of target
PGto avoid the loss or reduction of the degree of polymer modificatidaesign of RAP mix without
performing performane testsor extracting/recovering RAP bindeonsists of the following steps:

1. Design a control mix without RAP to meet ITD specificatitima binder of target PG
2. EstimateFWLQ,, of control mix based orfFigure 26
3. DesignraRAP mix to meet ITD speddion with abinder ofPGigin_nighand any low temperature
PG because the low temperature PG of binder does not significantly affect the volumetrics of a

mix. Keep the high temperature PG of target binder for the RAP mix.

4. Determine the low temperatur®G of virgin binder for RAP migingFigure 28 based on RAP
Y A El€x@n air voidyMA, Rap FWR,, of control mix, andPGirgn_nigh |

It is noted that the above model is based on a limited number of mixes and wafuatiter validation.
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AASHTOWare Pavement ME Desigput Parameters and heir Significance

Chapter 4 presented the laboratory analysidted material properties othe studymixes containing
RAP. However, it plausible to evaluatéhe predicted pavemernperformance in the fieldf these RAP
mixesunderactualtraffic and climateconditions The research team employed AASHTOWarerRawut
ME Desigrsoftwareto evaluate the performance of flexible pavemenihe purpose of thishapteris

to evaluate theeffects of RAP on pavement performaricesed on thadentified propertiesof the mixes
andAASHTOWare Pement ME Desigranalysis

Project Locatios

TheNorth RAP projedslocated between Garwood and SagleNorthern Idahoandstartsat the
junction of gsate highway53 andOhio Match Rad in Kootenai Countyasshown inFgure 29. The
projectconsists o reconstruction section on U frommile point MP) 438.825 toMP 441.164.

Figure29. North RAP Projectocation

The location of the&southRAPproject is between Wilder and ParmaaSuthern Idaho Itis a
rehabilitation project thaiconsists of 7.87 miles of L5 from MP 38.432 td1P 46.602 asshown in
Fgure 30. The purpose of ils project is to extend the pavement life and restore the suefat the
existing asphalt pavememt avoid more costly repairs atlater date.Thecondition of thepavement
wasopoore to dvery poore with alligator, block, longitudinahnd transverse cracking. Transverse
cracking is the most prominent distress. Tihiernational roughnessdex(IRI)values are generally
below 100 inch/mile.
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e

Figure30. South RARProject Location

Structure of the Pavements

Thepavement structure othe North RAP projeatonsists 06.6 inchesasphaltlayerover 102 inchesof
crushed base materialThe class of asphalt material is SP5;3himchmaximumsizecrushed base
material hasan Rvalueof 80; and the aibgrade soil consismainly of gravel with silt and sand wigém
Rvalueof 60. Figure43in Appendix (oresents he detals.

For theSouthRAPproject, the pavement structure consists ofidchesasphaltoverlay, 1.5inches
existing pavement after milling inchesexisting asphalt layeand?7 inches ofcrushedbase material.
Figured4 of Appendix @resents he detailsITD used dalling weight deflectometeto evaluate his
roadway section in 2009. Tahl@ presentsthe backcalculated layer modulus value$the existing
pavementas determinedy ITD

Table12. ExistingPavementData of South RAProject”

Modulus ksi)
Asphalt Layer Base Subgrade

Mean 534 41 16
Standard 143 22 5
Deviation

cov

0, () 0

(91 tests) 27% 53% 31%

ASource:ITD Project Key 11566, Project A0211 (566), ITD Central Lab Reports 102360233
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